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Abstract 
 

Causes and Impacts of Rainfall Variability In Central Mexico on Multiple Timescales 
 

by 
 

Tripti Bhattacharya 
 

Doctor of Philosophy in Geography 
 

University of California, Berkeley 
 

Professor Roger Byrne, Chair 
 

The eastern sector of Mexico’s Trans-Mexican Volcanic Belt is a semi-arid 
region, where interannual rainfall variability is significantly stresses regional water 
resources and the livelihood of millions. The region is linked to a broader summertime 
rainfall regime known as the North American Monsoon (NAM). My dissertation uses 
multiple lines of evidence, from geochemistry to climate model output, to understand the 
causes of long-term droughts in this region. 

My first dissertation chapter uses instrumental data to diagnose the causes of El 
Niño-induced droughts in Mexico. This work explores the mechanisms responsible for 
rainfall changes over Central Mexico during the developing versus decaying phase of an 
El Niño event. This study was the first to demonstrate the importance of moisture 
transport anomalies in reducing rainfall in highland Mexico during the decay phase of an 
El Niño.   

My second dissertation chapter uses the oxygen stable isotope ratios (δ18O) of 
lacustrine carbonates as well as elemental geochemistry to reconstruct late Holocene 
drought in Central Mexico. This sub-centennially resolved record is the first to identify a 
significant dry interval in central Mexico from 1300-1100 cal yr. B.P., which may be 
temporally coherent with increased drought frequencies recorded on the Yucatan 
Peninsula. These results also hint at a role for climate change in regional prehistoric 
cultural changes at the nearby site of Cantona.  
 My third dissertation chapter explores impacts of late Holocene droughts on the 
terrestrial ecosystems in Central Mexico. I reconstructed past vegetation and fire 
dynamics from pollen and microscopic charcoal, and compared these data to our stable-
isotope based climate reconstruction and regional archaeological records.  

My fourth chapter is an exploration of the causes of centennial-scale across 
Mexico and Central America in the late Holocene. This work identifies the 
spatiotemporal patterns of late Holocene drought by synthesizing Mesoamerican proxy 
records. It presents a new hypothesis pointing to the role of changes in Atlantic 
circulation in causing droughts in Mesoamerica.  

Finally, I synthesize the knowledge in each of the dissertation chapters and point 
to avenues of future research.  

 
!
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Introduction 
 
Motivation and Approach 
 

Anthropogenic climate change poses key challenges for ecosystems and human 
sustainability in semi-arid regions. This is true especially in the Cuenca Oriental, a basin 
to the East of Mexico city, where the modern rainfall climatology indicates that the area 
is already marginal for maize agriculture (Heisey and Edmeades, 1999). The region 
features a monsoonal climate, which is coupled to the broader North American, or 
Mexican, Monsoon (Higgins et al., 2007). This monsoon, featuring a reversal in surface 
winds and a summertime peak in convective activity, is distinct from other monsoonal 
systems. Observational studies show that this circulation is shallower than other 
monsoonal systems, and that tropical wave disturbances as well as mid-latitude 
circulation patterns play a key role in initiating the surges of convection characteristic of 
the monsoon (Nie et al., 2010; Bordoni and Stevens, 2006). While the traditional NAM 
region is generally thought of as encompassing western Mexico and the American 
Southwest, the heating of the land surface and northward sweep of rainfall characteristic 
of the monsoon includes much of Central Mexico as well (Tucker, 1999).   

The overall goal of this dissertation is to clarify patterns of past climate changes 
in Mexico’s Cuenca Oriental, and to use this data to understand the climatic processes 
influencing this important monsoonal system. To this end, I use a unique approach by 
combining proxy-based records of past environmental change with diagnostic analyses of 
observational data and general circulation model (GCM) output. Paleoclimatic records 
can expand our knowledge of climate variations beyond the limited instrumental record, 
and shed light on the way regional climates respond to fundamental changes in Earth’s 
boundary conditions (e.g. changes in greenhouse gases, insolation, and other factors). The 
insights from paleoclimatic records can be synthesized with our understanding of climate 
physics gleaned from model output and observational data to generate novel hypotheses 
about the causes of past climate changes. Working at the intersection of these two fields 
therefore offers a unique opportunity to advance our fundamental understanding of the 
physics of the climate system.  

Understanding the causes of past climate changes in Central Mexico and 
Mesoamerica has important implications for our understanding of human history. Much 
research on past Mesoamerican droughts has focused on linking the archaeological record 
with past droughts to identify the potential influence of climate on past societies (e.g. 
Hodell et al., 2005; Medina-Elizalde et al., 2010; Lachniet et al., 2012; Kennett et al., 
2012). Central Mexico is an especially fascinating setting in which to study past human-
environment relations, since it was host to a rich cultural milieu in the pre-Columbian 
period, and is close to the hypothesized region of maize domestication, in western 
Mexico (Matsuoka et al., 2002; Piperno et al., 2009). The past offers an important setting 
in which to understand human vulnerability to disruptions caused by climate or other 
environmental changes, which may yield important lessons for contemporary studies as 
they confront droughts, other extreme events, and anthropogenic climate change.  

 
Initial Exploration of Research Questions 
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 In this section, I use the limited instrumental record available for Mexico to 
identify important research questions that motivate my dissertation research. I draw from 
a comprehensive dataset created created by interpolating available station data to create a 
gridded 20th century precipitation dataset for Mexico (Méndez and Magaña, 2010). 
Because of the long time series represented by these data, these data can be used to 
analyze low-frequency, or decadal, changes in rainfall. Figure 1 shows the UNAM data, 
averaged in a box between 5-19°N and 100-60°W, which has been filtered to emphasize 
decadal-scale variability. The timeseries shows distinct changes in rainfall anomalies 
across multiple decades, raising an important question about the potential causes of these 
changes.  
 To generate initial hypotheses about the causes of these multidecadal changes, I 
generated composite maps comparing wet periods, as defined by the precipitation index 
calculated above, to dry periods. In this map, I compare the period between 1934 and 
1970, which is anomalously dry, and 1985 and 2000, which is anomalously wet. We use 
data from after 1934 because station coverage is poor prior to 1930 (Seager et al., 2009). 
Figure 2 shows this composite plot for average annual rainfall, as well as for the early 
season (April-June) and late summer (July-September) rainfall. The annual pattern 
appears largely driven by changes in summertime rainfall, which exhibits a distinct 
bipolar pattern: a wet southern Mexico and Yucatan is coupled with dry conditions in 
northern Mexico (Figure 2). This pattern most closely resembles what is already known 
about the influence of Atlantic SSTs in Mexican climate: warm SSTs result in increased 
boundary layer moisture over southern Mesoamerica, but reduced moisture transport into 
the northern deserts of Mexico (Kushnir et al., 2010).  
 However, there are several limitations to the data presented here. First, given the 
limited timescale of he data, we do not have sufficient statistical power to assess the 
relationship between rainfall and other key climatic modes like the PDO. Second, despite 
the fact that we smooth the data, it is not clear whether the types of mechanisms 
influencing rainfall in our 20th century instrumental record can reliably be extrapolated to 
operate on paleoclimatic timescales. To address these uncertainties, we need other 
methods of investigating the mechanisms responsible for long-term changes in 
hydroclimate. This dissertation attempts to do this by drawing on both long timeseries of 
climate in the form of proxy records, and the results of climate model experiments that 
address questions about the patterns of long-term climate change, and the mechanisms 
responsible for the changes we see on paleoclimate timescales.  
 
Dissertation Outline 
 

This dissertation seeks to deepen our understanding of the climate system in 
Central Mexico, taking three distinct but complimentary perspectives in each of the three 
chapters. Chapter One explores the modern variability of the climate system in Central 
Mexico. Existing literature shows a strong linkage between El Niño events in the eastern 
equatorial Pacific and dry conditions in Mexico (Magaña et al., 2003; Gochis et al., 
2007). The chapter uses these El Niño-induced droughts as a case study to understand the 
dynamical processes that govern variations in the monsoonal circulation in Central 
Mexico. Analyzing the spatial pattern of El Niño-induced drought, and quantifying the 
anomalous moisture budget associated with these events, I was able to assess the 
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importance of processes like anomalous subsidence, changes in boundary layer moisture, 
and anomalous wind patterns in inducing drought. This work is the first analysis of the 
monsoon system in Mexico that quantifies the relative importance of different dynamical 
mechanisms in contributing to drought, and is the first to demonstrate the importance of 
moisture transport anomalies in reducing rainfall in highland Mexico during the decaying 
phase of an El Niño event.  
 While Chapter One sheds light on the patterns of climate variability in the 
instrumental record, Chapter Two focuses on expanding our knowledge of climate 
variability in eastern Mexico beyond the instrumental record. In this chapter, I present a 
proxy-based paleoclimatic reconstruction from eastern Mexico. The instrumental record 
is limited in its ability to characterize low frequency variability, or climate changes that 
occur on the order of centuries to millennia. To understand long term climate Central 
Mexico, we reconstructed late Holocene climate variability from lacustrine sediments in 
eastern Central Mexico. Aljojuca is a volcanic explosion crater, or maar, lake in the 
Cuenca Oriental, and is surrounded by steep walls of volcanic tuff. The high 
sedimentation rate and laminated sediments in this lake make it an ideal candidate for 
high-resolution paleoclimatic reconstruction. I used stable isotopes and elemental 
geochemistry to reconstruct climates changes over the last 4000 years.  In addition, I was 
able to discuss the implications of prehistoric climate change for Cantona, a pre-
Columbian site 30 km away from the lake. The Aljojuca record therefore provides a 
unique long-term perspective on climate in the Cuenca Oriental, an area with few high-
resolution paleoclimatic records, as well as a source of insights on human vulnerability to 
climate change. To date, it is the only high-resolution lacustrine records of Holocene 
climate variability from the Cuenca Oriental.  

In Chapter Three, I discuss the implications of the climate changes reconstructed 
using geochemical indicators in chapter two for changes in terrestrial vegetation and fires 
regimes. I use pollen to reconstruct changes in vegetation and slide scanning system to 
quantify changes in microscopic charcoal concentrations, a proxy for changes in fire 
regimes, in lake sediments. This chapter also focuses on potential anthropogenic effects 
on regional vegetation and fire regimes. It also discusses the limitations of the evidence 
from sediments at Aljojuca to make definitive inferences about past ecosystems.  

The final concluding chapter brings together analyses of proxy-based 
paleoclimatic records and climate model output. The chapter presents a novel hypothesis 
about the causes of long-term regional droughts that influence wide regions of 
Mesoamerica, including Central Mexico. I synthesize available paleoclimate proxy data 
and use control simulations of GCMs to argue that a dry interval between 900 and 1100 
CE could be tied to a slowdown of the Atlantic Meridional Overturning Circulation 
(AMOC). To my knowledge, it is the first piece of synthesis work that places what we 
know about last millennium droughts in Mesoamerica in a framework that is consistent 
with what we know about the dynamics of the climate system. It also highlights the 
power of combining proxy-based analyses and analyses of climate dynamics to further 
our understanding of the history and physics of the climate system.  
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Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. UNAM precipitation averaged between 5 and 19 N, and 100 and 60 W. Red 
dashed line shows multidecadal filter applied to the data.  

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 2. Composite plots showing wet minus dry conditions, as defined by the time 
series in Figure 1. Top panel shows annual average rainfall, while lower panels show 
anomalies for July-September (JAS) and April-June (AMJ).  
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Chapter One 
 
Spatial Variability and Mechanisms underlying El Niño-induced Droughts in 
Mexico 
 
Abstract 
 
The El-Niño Southern Oscillation plays a key role in modulating interannual rainfall 
variability in Mexico. While El Niño events are linked to drought in Mexico, uncertainty 
exists about the spatial pattern and causal mechanisms behind El Niño-induced drought. 
We use lead/lag correlation analysis of rainfall station data to identify the spatial pattern 
of drought associated with the summer before, and the spring following, the peak of 
warm SST anomalies in the eastern equatorial Pacific. We also use atmospheric fields 
from the North American Regional Reanalysis (NARR) to calculate the anomalous 
moisture budget and diagnose the mechanisms associated with El Niño-induced drought 
in Mexico.  
We find that reduced rainfall occurs in Mexico in both the summer before and the spring 
after a peak El Niño event, especially in regions of climatologically strong convection. 
The teleconnection in the developing phase of El Niño is primarily driven by changes in 
subsidence resulting from anomalous convection in the equatorial Pacific.  The causes of 
drought during the decaying phase of El Niño events are varied: in some years, descent 
anomalies dominate other moisture budget terms, while in other years, drying of the 
boundary layer on the Mexican plateau is important. We suggest that the latter may result 
from the interaction of weakened southeasterly winds in the Intra-Americas Sea with high 
topography along the Atlantic coast of Mexico. Weakened winds are likely driven by a 
reduced sea level pressure gradient between the Atlantic and the Pacific. Changes in 
easterly wave activity may contribute to drought in the developing phase of El Niño, but 
may be less important in the decaying phase of El Niño.   
 
Introduction 
 

The role of El Niño events in causing summer drought across Mexico is well 
documented  (Magaña et al. 2003; Cavazos and Hastenrath 1990; Seager et al. 2009; 
Englehart and Douglas 2002; Gochis et al. 2007). ENSO appears to be a dominant driver 
of interannual variability: variability in Mexican hydroclimate (e.g. rainfall, streamflow) 
correlates more strongly with ENSO indices than indices of other climatic modes (Gochis 
et al. 2007). Our own exploratory analyses, using canonical correlation analysis of SST 
and Mexican rainfall, also show that SST variability in the ENSO region couples with 
more variability in the precipitation field over Mexico than other regional modes of SST 
variability (not shown). However, significant uncertainty still exists about the causes of 
this teleconnection and its spatial signature across Mexico. Reducing this uncertainty is 
key to understanding the causes of interannual variability and accurately predicting 
droughts or other natural disasters.  

Mexico’s summer rainfall is part of a larger monsoonal system extending into the 
American southwest. Researchers use the term ‘North American Monsoon’ (NAM) to 
describe the seasonal reversal of surface winds and distinct summer rainy season that 
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occurs in northwest Mexico and the American southwest (Gochis and Berberry 2011). 
Many conceptual models of monsoons suggest that the seasonal heating of the land 
surface plays a key role in determining the location and timing convection (Wang et al. 
2011). In Mexico, the thermal forcing of the land surface likely interacts with the 
complex topography, with the eastern and western Sierra Madre, the Trans-Mexican 
Volcanic Belt, and the central Mexican plateau playing a significant role in blocking or 
lifting low-level atmospheric flow (Mosino-Aleman and Garcia 1974). Winter rainfall 
brought by the storm tracks also contributes to some regions’ rainfall, but represents a 
small portion of total annual rainfall over much of Mexico’s land area.  

The connection between rainfall in eastern and central Mexico and the NAM 
region is not fully understood. Some authors have argued that these two regions are 
connected within a broad monsoonal region, citing a continuous region of heating and 
low pressure that extends from central Mexico through the American Southwest in the 
boreal summer (Tucker 1999; Mosino-Aleman and Garcia 1974). In contrast, others have 
argued that the traditional NAM region and central Mexico may have different moisture 
sources and triggers for monsoon onset (Hu and Feng 2002; Liebmann et al. 2008). Our 
rainfall data primarily comes from sites in central and southern Mexico. However, for the 
purposes of this study, we make no a priori distinctions between different regions of 
Mexico.  
 Our research is motivated by two main questions: 
 

1. What is the spatial signature associated with El-Niño induced drought in Mexico, 
and what processes are responsible for this spatial pattern?  Caso et al. (2007) 
noted that the correlation between the SOI and summer rainfall anomalies on 
Mexico’s Pacific coast shows a latitudinal gradient, decreasing towards the north 
of the country. Similarly, Seager et al. (2009) analyzed gridded precipitation data, 
and suggested that El Niño events increase rainfall in northern Mexico while 
decreasing rainfall in southern Mexico. Englehart and Douglas (2002) showed 
that different regions of Mexico exhibit different correlation with ENSO indices. 
Relatively few studies have explored the causes of this spatial variation in the 
response of Mexican rainfall to ENSO. 

2. Can we shed light on the mechanism underlying the ENSO teleconnection to 
Mexican summer precipitation? Gochis et al. (2007) highlighted two possible 
mechanisms by which El Niño events induce drought in Mexico: the first 
hypothesizes that El Niño events warm SSTs in the eastern Pacific and the 
tropical Atlantic, reducing the land-sea thermal contrast, and therefore reducing 
onshore moisture convergence. Turrent and Cavazos (2009) supported this 
conceptual model by showing that monsoon onset date and moisture convergence 
over the NAM region is strongly linked to the land-sea thermal contrast. A second 
mechanism proposes that a developing El Nino event results in anomalous 
descent over Mexico and Central America, effectively suppressing convection. 
Giannini et al. (2001) documented this phenomenon in the Caribbean during the 
summer before a peak El Niño event, and by Seager et al. (2009) in a modeling 
study for Mexico. This subsidence may be driven by the ability of anomalous 
convection in the eastern equatorial Pacific to warm the tropical troposphere, 
suppressing convection in remote tropical regions, although other mechanisms 
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may drive subsidence (Chiang and Sobel 2002). Few observational studies have 
evaluated the relative importance of the ‘land-sea thermal contrast’ versus the 
‘anomalous subsidence’ mechanisms in causing drought in different regions of 
Mexico.  

 We assess the intraseasonal evolution of the spatial pattern of ENSO-induced 
drought using lead and lag correlation analysis. This analysis also helps us distinguish 
between the changes in the teleconnection in the developing versus the decaying phase of 
anomalously warm Niño 3.4 region SSTs. Second, we use a diagnostic approach to shed 
light on the mechanisms underlying drought by analyzing the anomalous moisture budget 
associated with the 1997-1998 El Niño event. We then analyze the composite moisture 
budget anomalies for El Niño events from 1979 to 2007, in order to see how the 
dynamical mechanisms associated with rainfall anomalies in Mexico may differ across El 
Niño events.  
 
Data Sources and Methods 
 
Precipitation Data 

Precipitation station data comes from the Instituto Mexicano de Tecnologia del 
Agua (IMTA), which oversees monitoring of water resources in Mexico. In 2008, IMTA 
created ERIC III, a database containing all available meteorological station data from 
1900 to 2008. Station data are reported on a daily basis in units of total daily precipitation 
in mm. We extracted 96 stations from across Mexico’s land surface with continuous 
coverage from 1949 to 1999, a time period chosen to maximize station coverage, and 
aggregated daily measurements to monthly rainfall totals for all months of the year. 
Retained stations had an average of 570 monthly values over the 612- month time period, 
without any instances where values were missing from more than 25% of the stations for 
a given month.  We created standardized anomalies of monthly data to account for spatial 
variance in the monthly total precipitation at different stations. The dataset contains fairly 
consistent spatial coverage across Mexico’s area, although coverage is best for central 
Mexico, and the Yucatan does not contain any stations with sufficient coverage for this 
time period (Fig. 1).   

We used two approaches to reconstructing missing monthly values: first, missing 
values were replaced with the average of all other stations’ standardized rainfall 
anomalies, as this type of area-averaged rainfall index can capture the broad features of 
interannual rainfall variability. In a separate analysis, we used principal component 
analysis (i.e. EOF analysis) to reconstruct missing monthly values. PCA uses the 
covariance matrix between available stations’ data to derive principal components, time 
series created from linear combinations of original data (eigenvectors) that summarize 
main patterns of variability in the dataset. By projecting the eigenvectors onto these 
principal components, we can reconstruct the original station data, filling in any gaps in 
the original data.  
Exploratory plots comparing original station data with data gaps, the dataset with missing 
values replaced by an all-station average anomaly, and the station data reconstructed 
using PCA analysis suggest that all techniques produced time series with similar seasonal 
and interannual trends (not shown). For further analysis, we chose to use the station data 
reconstructed using PCA.  
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Surface and Atmospheric Fields 
We use the Nino 3.4 index, which consists of SST anomalies averaged over a 

region spanning 5°S- 5°N and 170 - 120°W, as an index of ENSO variability (Trenberth 
et al. 1997). SST data was obtained from the ERSST version 3 dataset, described in 
Smith et al. (2008), which is part of NOAA’s operational surface temperature analysis. 
To obtain 0.5 ° grid cell resolution for atmospheric fields over Mexico, we used the North 
American Regional Reanalysis (NARR), a data reanalysis project restricted to the domain 
over North America (Mesinger et al. 2006). The NARR provides 3 hourly, daily, and 
monthly climate data for the period from 1979 to the present by assimilating observations 
into a regional climate model (the NCEP Eta model). Like global reanalyses, the NARR 
assimilates observational data on temperature, wind, moisture, and pressure, but the 
NARR incorporates additional datasets and assimilates hourly precipitation observations, 
satellite-derived radiances, near surface wind and moisture, sea and lake ice, and surface 
temperature. The assimilation of precipitation data and improved hydrological modeling 
makes the NARR useful for answering questions about regional hydroclimate (Mesinger 
et al. 2006).   

We also use fields of temperature, specific humidity, geopotential height, and 
vertical velocity (omega), calculated at each pressure level, and precipitation and 
evaporation from the NARR from 1979 - 2010. Derived variables, like moist static 
energy or moisture flux convergence, were either obtained from the reanalysis using 
native fields, or calculated using standard formulae. Calculations are detailed below for 
each derived field.  

 
Lead and Lag Correlation Analysis 
 

We first focus on clarifying the spatial pattern of the ENSO teleconnection to 
rainfall in Mexico. El Niño events tend to peak in the boreal winter, but can have distinct 
influences on regional precipitation in both their developing phase and their decay phase. 
To clarify these signals in Mexico, we correlated the DJF Niño 3.4 index with rainfall 
and SST anomalies in the year prior to DJF (year 0), as well as with rainfall and SST 
anomalies in the year following DJF (year +1). Mexico exhibits distinct intraseasonal 
variation in summer rainfall, with a mid-summer drought, the canicula, in July or August 
(Peralta-Hernandez et al. 2008). There is also some evidence of intraseasonal changes in 
the teleconnections between Mexican and Central American rainfall and large-scale 
climatic modes (Gochis et al. 2007; Giannini et al. 2001). Moreover, Englehart and 
Douglas (2002) regionalized JJAS rainfall in Mexico and found that regional differences 
in Mexican precipitation were largely explained by intraseasonal differences in the 
persistence of rainfall.  In turn, these regions’ rainfall seemed to exhibit different 
correlations with the Nino 3.4 index. To clarify these patterns, we analyze bi-monthly 
precipitation anomalies for May-June (MJ), July-August (JA), and September-October 
(SO) to accurately capture seasonal changes in precipitation and analyze potential 
intraseasonal changes in the ENSO teleconnection.  

In Figures 2 and 3, statistical significance at the 95% level is calculating via 
resampling to generate a distribution for the correlation coefficient. We chose this 
technique in order to account for the highly non-Gaussian distribution of rainfall 
anomalies.  
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Pattern in Year 0 
Figure 2 shows the SST and rainfall pattern associated with year 0. As we might expect, 
we see the development of strong warm anomalies in the eastern equatorial Pacific. There 
is also a slight warming in the tropical Atlantic in SO. This may identify the beginning of 
a delayed warming of tropical Atlantic SSTs that occurs following a peak El Niño event 
(Xie and Carton 2004; Enfield and Mayer 1997). The pattern of rainfall anomalies shows 
both significant positive and negative rainfall anomalies in MJ, primarily negative rainfall 
anomalies across all of Mexico’s land area in JA, and negative rainfall anomalies in 
central and southern Mexico in SO.  
 
Pattern in Year +1 
Figure 3 shows the patterns associated with the DJF Niño 3.4 index in year +1. In MJ, we 
see warm waters in the eastern equatorial Pacific, and significant warming in the tropical 
Atlantic, which is consistent with the results of previous studies (Xie and Carton 2004; 
Chiang and Lintner 2005; Chiang and Sobel 2002; Enfield and Mayer 1997).  In JA and 
SO, the pattern breaks down and we see the beginning of cool conditions in the equatorial 
Pacific, representing the development of negative SST anomalies in the central equatorial 
Pacific in the year following the peak of warm SST anomalies.  Rainfall anomalies in 
Figure 3 suggest that negative rainfall anomalies associated with an El Niño event persist 
into the year following spring: the MJ rainfall pattern shows negative anomalies confined 
to southern Mexico, despite warming the northern tropical Atlantic. In JA and SO, we see 
strong positive rainfall anomalies, likely associated with the development of anomalously 
cool conditions in the eastern equatorial Pacific.  

The persistence of negative precipitation anomalies to the spring following a peak 
El Niño is surprising, as we might expect warmed SSTs to increase boundary layer 
moisture and moisture convergence over Mexico, increasing precipitation (Giannini et al. 
2001). However, in the Caribbean, the positive rainfall anomaly in the spring following a 
peak El Niño documented by Giannini et al. (2001) is weaker or absent in the period from 
1979 – 1999 as a result of the influence by the NAO. Running correlations between 
precipitation anomalies in Mexico and the leading DJF Nino 3.4 index do provide some 
evidence for decadal changes, as the drought signal in the spring following a peak El 
Niño is strongest in the period following 1976, although it is generally present throughout 
the instrumental record used in this study (not shown). Possible causes of this 
interdecadal change in the ENSO teleconnection to the broader Central American region 
have been linked to low-frequency changes in the north Atlantic or the North Pacific, and 
have been addressed elsewhere (Hu and Feng 2008, Giannini et al. 2001, Englehart and 
Douglas 2002). These previous studies demonstrate statistical relationships between the 
ENSO signal in spring rainfall and low-frequency changes in other atmospheric modes. 
Instead of focusing on the sources of interdecadal change, we choose to focus on 
diagnosing the mechanisms associated with rainfall anomalies in the developing and 
decaying phase of El Niño events. We therefore focus on the time period from 1979 
onwards, after any interdecadal changes likely took place, as it allows us to take 
advantage of high-resolution reanalysis data over North America from the NARR. 
Understanding the atmospheric mechanisms responsible for drought can shed light on 
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mechanisms by which low-frequency climate modes may alter the ENSO teleconnection 
to Mexico.  

 
Spatial Pattern of Rainfall Anomalies 

Before addressing the physical mechanisms behind the ENSO teleconnection, we 
note that in our leading and lagging correlation analysis, the location of statistically 
significant negative correlations between the Niño 3.4 index and rainfall evolves spatially 
from May through October. These anomalies largely occur in southern Mexico in the 
early season (MJ), with the strongest signal occurring in year +1, occur throughout 
Mexico in July-August (in year 0), and are again confined to southern Mexico in SO 
(year 0). This pattern appears to reflect seasonal changes in the mean location of 
convection across Mexico, with the location of moisture convergence and convection 
following the location of peak heating of the land surface. To visualize changes in the 
atmospheric energy available for convection, we plot climatological moist static energy, 
integrated between 750 and 500 mb, as it evolves from May through October.  
  Moist static energy (MSE) reflects the energy from sensible heat, latent heat, and 
geopotential in a parcel of air (Holton 2008): 
 

MSE = gz + CpT +Lq 
 
where g is acceleration due to gravity, z is height, Cp is the specific heat of air at constant 
pressure, T is air temperature, L is the latent heat of vaporization, and q is the specific 
humidity. Privé and Plumb (2007) showed that the location of maximum ascent and 
rainfall in a meridional monsoonal circulation is co-located with the maximum in 
subcloud moist static energy. Mosino-Aleman and Garcia (1974) also showed that, in 
Mexico, precipitation tends to follow the northward propagation of peak temperatures, 
and peaks slightly south of the temperature maximum.   
Plots of climatological moist static energy show the northward progression of the location 
of peak terrestrial moist static energy from MJ to JA (Fig. 4). This pattern mirrors the 
northward progression of ENSO-related rainfall anomalies observed in correlation 
analysis. This suggests that while El Niño events have a largely negative effect on 
summertime convective activity across much of Mexico, the relationship appears stronger 
in regions where, climatologically, we would expect strong convection. These regions 
shift seasonally following changes in the location of maximum moist static energy, which 
may be driven by the heating of the land surface and enhanced by the advection of moist 
static energy. This is consistent with the analysis of Tucker (1999), who showed that a 
zone of low pressure extends across the Mexican altiplano and into the southwest United 
States in July, during the time of peak summer precipitation. We next focus on analyzing 
the atmospheric processes that contribute to drought during El Niño events.  
 
Moisture Budget Analysis of the 97-98 El Niño Drought  
 
Moisture budget analysis 

Causes of precipitation change can be diagnosed by analyzing the anomalous 
moisture budget associated with precipitation anomalies (Chou et al. 2009; Chou and 
Neelin 2004). In this case, we analyze the anomalous moisture budget associated with the 
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summer before (year 0) and the spring following (year +1) of the 1997-1998 El Niño. 
Subsequently, we perform this analysis for all El Niño events between 1979 and 2007 to 
analyze spatially-averaged composites of anomalous moisture budgets.  Following Chou 
et al (2008), the anomalous moisture budget equation is:  

 
!! = !− !!!!! − !!!!! − ! ∙ ∇! ! + !! + !"#$%&'(!!"#$%               (1) 

         
Where P is precipitation in W·m-2, ω is vertical velocity, q is specific humidity in 

J/kg, v is horizontal velocity, and E is evaporation.  represents mean climatological 
conditions, whereas !′  represents the departure from the climatology associated with the 
1997-1998 El Niño. We separate ! ∙ ∇! !!into the component associated with anomalous 
winds, !′ ∙ ∇! , and the component associated with an anomalous moisture gradient, 
! ∙ (∇!)′ . The vertical integral, given by , represents a mass integration from 

surface pressure to 300 hPa. Conceptually, eq. 1 allows us to separate precipitation 
anomalies into components associated with climatological vertical velocity and an 
anomalous vertical gradient of moisture (!!!!!), called the direct moisture effect; 
anomalous ascent and climatological moisture (!!!!!), or the dynamical feedback; 
anomalous horizontal advection (! ∙ ∇!)′; anomalous evaporation; and residual terms that 
include the contribution of transient terms and non-linear terms. In calculating the 
magnitude of each of these terms, we are primarily interested in evaluating the relative 
magnitude of each term’s contribution to precipitation anomalies in order to assess the 
relative importance of different mechanisms. Given the limitations of reanalysis data and 
our use of monthly average terms, discussed in the next section, our calculated budget is 
unlikely to close. 

 
Limitations of Approach  
We use monthly fields from the NARR to calculate the terms in (1). Our approach has 
several limitations: first, errors are introduced from interpolating from the model’s native 
grid to the Lambert output grid in calculating horizontal advection (Mesinger et al. 2006). 
There is a NARR native moisture flux convergence (MFC) term available, where 
 

! − ! ≈ !"#!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 
 
assuming that changes in atmospheric water storage are relatively small. However, with 
this term we cannot separate out contributions from vertical and horizontal advection. To 
assess this source of error, we compare the sum of terms on the right side of (1), minus 
evaporation, to the native calculations of moisture flux convergence in the NARR. Other 
limitations of the NARR stem from overactive evaporation, excessive moisture flux 
convergences, some datasets reflecting patterns associated with national borders, and 
errors resulting from the redistribution of moisture in the precipitation assimilation 
scheme (Nigam and Ruiz-Barradas 2006; Mesinger et al. 2006; Ruane 2010). Finally, our 
use of monthly averages prevents an estimation of transient and non-linear terms, which 
may have a large contribution to precipitation anomalies.  

However, NARR represents the highest resolution reanalysis product for our 
study domain, is specifically suited to studies of regional hydroclimate, and performs 
better than global reanalyses (e.g. ERA-40 and NCEP) in studies of the water budget over 
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North America (Nigam and Ruiz-Barradas 2006). In addition, we are primarily interested 
in estimating the relative importance of different terms in eq. (1), which may still be a 
valid exercise in spite of inaccuracies in our budget calculations. In the next section, we 
analyze the rainfall anomalies and anomalous moisture budget associated with the 
developing (JAS 1997) and decaying (MJ 1998) phases of the 1997-1998 El Niño.  

 
Rainfall Anomalies (1997-1998 El Niño) 

The NARR precipitation field documents significant precipitation anomalies in 
JAS 1997 and MJ 1998, although the spatial patterns of drought differ (Fig. 5). In JAS 
1997, the strongest rainfall anomalies occur in central Mexico, with weaker anomalies in 
southern Mexico and the Yucatan. In MJ 1998, a region of anomalous rainfall occurs 
primarily in eastern Mexico, with weaker anomalies in northwest Mexico. Some areas of 
the Yucatan and Caribbean appear to have weakly positive rainfall anomalies. In the next 
two sections, we analyze the anomalous moisture budget associated with these anomalies.  
Figure 6 displays the terms in the anomalous moisture budget for JAS 1997 and MJ 1998 
averaged between 95-105˚W and 16-28˚N.  
 
Developing Phase of El Niño (JAS 1997) 

The dynamical feedback term is the dominant contributor to negative precipitation 
anomalies, since other terms are an order of magnitude smaller (Fig. 6). The next two 
largest terms are changes in evaporation (!!),!which oppose negative precipitation 
anomalies, and anomalous advection associated with anomalous winds! !′ ∙ ∇! , which 
weakly contributes to negative precipitation anomalies. The sum of the terms on the right 
side of eq (1) accounts for 90% of the change in precipitation. To further evaluate our 
budget calculations’ performance we compare the sum of the dynamical feedback, the 
direct moisture effect, and anomalous advection (i.e. the right side of eq. (1) without 
evaporation) to the anomalous moisture flux convergence calculated from the native 
NARR fields. We note that our calculations deviate by 11% from the anomalous moisture 
flux convergence calculated from the native NARR fields, suggesting our calculations are 
generally accurate, at least to an order of magnitude (not shown). Figure 7 shows the 
spatial pattern of the dominant terms in the anomalous moisture budget for JAS 1997.  

The dynamical feedback term is the dominant contributor to negative rainfall, 
indicating anomalous descent (positive w). This term is especially strong in central and 
southern Mexico. The dominance of this term is consistent with the ‘anomalous Walker 
circulation’ model of the ENSO telconnection identified in previous research (Seager et 
al. 2009; Xie and Carton 2004; Saravanan and Chang 2000). In contrast, the alternate 
conceptual hypothesis suggests that El Niño alters the land-sea thermal contrast, reducing 
onshore winds and moisture convergence (Gochis et al. 2007). However, anomalous 
moisture advection plays a much smaller role in precipitation anomalies according to our 
budget calculations, at least over the majority of the spatial domain of our analysis.  

In our area-averaged calculation, the anomalous advection due to anomalous 
winds makes a very weak negative contribution to precipitation (Fig. 6). The spatial 
pattern associated with this term shows a weak negative contribution along Mexico’s east 
coast (Fig. 7). This pattern may result from the influence of El Niño events on moisture 
fluxes from the Intra-Americas Seas. The enhanced interbasin gradient of SLP associated 
with El Niño events is known to enhance easterly moisture transport from the Atlantic to 
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the Pacific, decreasing precipitation over the Intra-American Seas and eastern Mexico 
(Mestas-Nunez et al. 2007). In the next section, we analyze the changes associated with 
the decaying phase of the 1997-1998 El Niño.  

 
Decaying Phase of El Niño (MJ 1998) 

The area-averaged anomalous moisture budget in the decaying phase of the El 
Niño event also indicates the dominance of the dynamical feedback (Fig. 6). The spatial 
patterns associated with the four dominant terms in the anomalous moisture budget shows 
that the dynamical feedback term is slightly weaker than in JAS 1997 and is centered in 
southeastern Mexico (Fig. 8). Anomalous evaporation (!!), the direct moisture effect 
− !!!!! , and anomalous advection due to anomalous winds !− !′ ∙ ∇!  oppose this 
influence. Our calculations underestimate the precipitation change, but are of the correct 
magnitude and are similar to estimates of anomalous moisture flux convergence (not 
shown).  Interestingly, native MFC calculations from the NARR underestimate the 
difference between precipitation and evaporation.  
 Enhanced evaporation over Mexico’s land area in the spring following a peak El 
Nino may result from the tendency of El Nino events to enhance winter precipitation over 
Mexico, resulting in enhanced soil moisture the following spring (Magaña et al. 2003). 
We may also expect enhanced evaporation during drought conditions, as suppressed 
convection and cloud cover enhance surface temperatures. However, evaporation is 
known to be overactive in the NARR (Nigam and Ruiz-Barradas 2006).  

The direct moisture effect opposes negative precipitation anomalies, and is 
stronger along the east coast of Mexico in MJ 1998 than in JAS 1997. Tropical Atlantic 
SSTs tend to warm following a peak El Niño as a result of anomalous heat fluxes caused 
by an El Niño-induced warming of the tropical troposphere (Chiang and Sobel 2002; 
Lintner and Chiang 2007; Saravanan and Chang 2000). Since boundary layer moisture is 
tied to underlying SSTs and Mexico derives much of its moisture from the tropical 
Atlantic and the Intra-Americas Sea, a moistened boundary layer following a peak El 
Niño event is likely to result in greater moisture over Mexico’s land area (Duran-Quesada 
et al. 2010; Mestas-Nunez et al. 2007). However, the spatial pattern associated with this 
term is puzzling: while the boundary layer moisture increases along the east coast of 
Mexico, we observe the drying of the boundary layer inland on the Mexican plateau (Fig. 
8). Causes of this pattern are addressed in the next section.  

A weak positive contribution to rainfall occurs as a result of anomalous advection 
associated with wind anomalies in MJ 1998, especially along the east coast of Mexico 
(Fig. 8). This is opposite in sign to the influence of this term in JAS 1997. Easterly 
transport from the Atlantic to the Pacific over Central America, strongly linked to 
variations in the Caribbean Low-Level Jet, is sensitive to the interbasin gradient of SLP 
(Mendez and Magaña, 2010; Muñoz et al. 2008; Wang 2007). In the decaying-phase of 
the 1997-1998 El Nino, the ENSO-induced warming of the tropical Atlantic may have 
decreased Atlantic SLP, while a developing La Niña increased tropical Pacific SLP. We 
discuss this pattern further in the next section. This term, however, is relatively small for 
MJ 1998. We next assess whether the atmospheric changes associated with the 1997-
1998 El Niño event are consistent across several warm ENSO events between 1979 and 
2007.  
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Composite Moisture Budget Analyses and Mechanisms for Spring Drought 
 
El Niño Composite of Anomalous Precipitation and Moisture Budget  

ENSO events show a diversity of structures, and it is possible that the 
mechanisms responsible for anomalous drying over Mexico in 1997-1998 may not be 
important for other warm ENSO events. To address this uncertainty, we identified 9 El 
Niño events between 1979 and 2007, which were defined according to standard 
techniques as episodes where the 3-month running mean of the Niño 3.4 index exceeds a 
threshold of 0.5°C. Using this criterion, we identify El Niño events occurring in: 1982-
1983; 1986-1987; 1987-1988; 1991-1992; 1994-1995; 1997-1998; 2002-2003; 2004-
2005; and 2006-2007. We then calculated the anomalous moisture budget for the 
developing year’s JAS and decaying year’s MJ for each of these events. Figure 9 presents 
these anomalous budgets as a composite, spatially averaged over the area 95-105˚W and 
16-28˚N.  
 Figure 9 shows the results of this composite budget analysis. The JAS composite 
is largely similar to the results from JAS 1997: strong negative rainfall anomalies are 
almost entirely driven by the dynamical feedback. The situation for MJ, however, is more 
complicated: the second panel shows the composite moisture budget analysis for all 
springs in the decaying phase of ENSO events. While the mean precipitation anomaly 
across all events is negative, other terms seem to cancel to zero across events. This 
suggests that there is not one dominant mechanism influencing negative rainfall 
anomalies in the spring following a peak El Niño, and a diversity of responses may be 
likely. It is also possible that a developing La Niña in May-June following some El Niño 
events may result in positive precipitation anomalies that obscure the drought signal. To 
assess this possibility, we excluded years where May-June Niño 3.4 SST anomalies are 
negative (e.g. 1988, 2007) and redid the composite in the third panel of Figure 9. Results 
still showed negative rainfall anomalies, and a slightly negative dynamical feedback, but 
apart from evaporation, moisture budget terms are still very close to 0. This again 
suggests that there may be a diversity of mechanisms influencing El Niño-induced spring 
rainfall reductions in Mexico. We next present the anomalous moisture budget for MJ 
2005, a year in which mechanisms apart from the dynamical feedback drive rainfall 
reductions.  
 
Dominant Terms in Moisture Budget for MJ 2005 
 In Figure 10, we show the dominant terms in the anomalous moisture budget for 
MJ 2005. The pattern associated with this year, with slightly different spatial patterns, 
appears common to several years that exhibit negative rainfall anomalies in the spring 
following a peak El Niño event (not shown). Negative precipitation anomalies occur in 
central Mexico and off the Atlantic coast of Mexico.  While the dynamical feedback is 
negative offshore, it generally has a positive sign over Mexico’s land area. The spatial 
pattern of precipitation anomalies over land appears to be driven by the spatial pattern of 
the direct moisture effect, − !!!!! , and the influence of anomalous advection due to 
anomalous winds, − !′ ∙ ∇! .  This anomalous advection may result from northwesterly 
wind anomalies along the east coast of Mexico, and westerly anomalies, primarily across 
the Isthmus of Tehuantepec, in spring 2005 (not shown). These wind anomalies in turn 
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likely reduce northward and westward moisture transport from the tropical north Atlantic 
and the Caribbean into the Gulf of Mexico and western Mexico.  

The direct moisture effect shows drying of the boundary layer over much of 
Mexico’s interior land area. There are localized areas of moisture increase along the 
coast, especially on the Pacific coast. Interestingly, the locations of the zero contours very 
roughly conform to the locations of the mountain chains along the coasts of Mexico, 
suggesting some effect of topography. We also note that a similar, albeit much weaker, 
pattern of the direct moisture effect and anomalous winds also occurs in MJ 1998: 
anomalous advection makes a negative contribution to rainfall in southern Mexico, and 
the direct moisture effect shows slightly enhanced moisture on Mexico’s east coast and 
drying of the boundary layer of the Mexican plateau (Fig. 8). We next present 
mechanisms that may be responsible for observed changes in advection and boundary 
layer moisture in springs following El Niño events.  

 
 Role of the Caribbean Low-Level Jet in El Niño-induced Rainfall Changes  
 
Changes in Moisture Transport by the Caribbean Low-Level Jet 
What may be responsible for the spatial pattern of anomalous moisture budget terms 
observed in MJ 2005? We suggest that the anomalous advection pattern ultimately results 
from the altered interbasin gradient of SLP between the Atlantic and Pacific: the 
Caribbean Low Level Jet, a maximum of low-level winds, is important for northward and 
westward moisture transport out of the Intra-Americas Sea (Mestas-Nuñez et al. 2007). 
Inter-annual variability of the CLLJ has been linked to the gradient of SLP between the 
Atlantic and Pacific basins. For instance, in the developing phase of an El Niño event, 
anomalous convection and low pressure anomalies in the eastern equatorial Pacific 
enhances easterly wind transport across Central America and enhances the CLLJ (Wang 
2007). We suggest the opposite occurs in the decaying phase of a warm ENSO event: 
warmed Atlantic SSTs after a peak El Niño create negative pressure anomalies that 
weaken the CLLJ and northward moisture transport into Mexico. Mestas-Nuñez et al. 
(2007) note a positive correlation between precipitation over Mexico and northward 
moisture transport out of the Intra-Americas Sea. Figure 11 shows composites of 
anomalies in the CLLJ index, as defined by Wang (2007), in the developing and the 
decaying phase of El Niño events between 1979 and 2009. While the signal is strongest 
in the developing phase of El Niño, with an enhanced low-level jet, we also note that the 
jet is weaker than average in the springs following peak El Niño events.  
 Furthermore, we suggest that the interaction of topography and these negative 
wind anomalies result in the drying of the boundary layer on the Mexican plateau. We 
note that, roughly, the tendency of low-level airflow to lift over a topographic barrier 
increases with the strength of the velocity component normal to the barrier, neglecting 
changes in vertical gradients of temperature and moisture (Wallace and Hobbs 2006). As 
springs following warm ENSO events exhibit weaker southeasterly winds over the Gulf 
of Mexico, it is possible that topographic barriers, especially along the Atlantic coast of 
Mexico, act to block low level flow from lifting over these coastal mountains and 
transporting moisture to the interior of the country. As a result, we may observe increases 
in moisture offshore, or in coastal areas, without seeing simultaneous increases inland. In 
MJ 2005, these negative moisture anomalies are centered over the eastern flank of the 
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Sierra Madre Occidental, while there are slightly increases in moisture along the Pacific 
coast of Mexico. Fluxes from the Intra-Americas Sea correlate positively with rainfall 
over all of Mexico’s land area, suggesting that Atlantic moisture sources contribute to 
boundary layer moisture even in the lee side of the Sierra Madre Occidental (Mestas-
Nuñez et al. 2007). It is therefore possible that locally warm SST anomalies and resultant 
evaporative fluxes may result in moisture increases on the Pacific coast, while anomalous 
moisture fluxes from the Atlantic may still be responsible for the observed boundary 
layer drying.  
 The interaction of Mexico’s topography with Atlantic moisture fluxes 
distinguishes Mexico’s delayed response to ENSO from that of the Caribbean. Giannini 
et al. (2001) suggested that, absent the influence of an intensified North Atlantic High, 
warm Atlantic SSTs in the year following a warm ENSO event act to enhance boundary 
layer moisture and enhance convection. If our suggestion is correct, anomalously warm 
Atlantic SSTs may actually result in negative rainfall anomalies over Mexico as a 
consequence of diminished moisture transport across coastal mountain ranges. While as a 
first order approximation our hypothesis may describe the pattern we observe, a full 
evaluation of this hypothesis would require a detailed simulation of the precise influence 
of topography on winds. There are several factors, likely important in setting up the 
climatology of the low level jet, that we do not consider, such as the role of the 
mechanical forcing of topography in forcing its northward deflection over the Gulf of 
Mexico or even intensifying low-level winds, and the role of high elevation topography 
in setting up the thermal forcing behind winds.  
 
Interaction between the CLLJ and Transient Activity  

Thus far, we have only considered the importance of changes in the monthly 
mean circulation in driving observed ENSO-related rainfall anomalies. However, it is 
possible that changes to transient terms, integrated over the timescale of a month, might 
strongly contribute to the observed changes in the moisture budget. Mendez and Magaña 
(2010), for instance, argued that drought during the developing phase of warm ENSO 
events may be related to decreases in easterly wave activity over the Intra-Americas Sea 
(IAS). Formally assessing the role of wave disturbances would require analysis of daily 
data, and calculating the magnitude of transient terms in the anomalous moisture or moist 
static energy budget. The moist static energy budget could provide information about the 
important of transient versus mean flow terms in balancing the monthly mean changes in 
vertical velocity we observe in the developing phase of El Niño events (Chou et al. 
2009). This analysis is beyond the scope of the current study. However, we attempt to 
assess changes to easterly wave activity by assessing changes in the monthly mean index 
of the CLLJ. Changes in mean atmospheric flow can generate conditions that favor or 
inhibit the development of transient eddies. Existing literature suggests a significant role 
for the low-level jet in generating the energy for transient disturbances in the IAS: 
barotropic instabilities generated by the jet tend to intensify wave activity over southern 
Central America and the eastern Pacific, but enhanced vertical wind shear and moisture 
divergence induced by the jet reduce wave activity over the Gulf of Mexico (Serra et al. 
2010). Mendez and Magaña (2010) showed a strong negative correlation between 
easterly wave activity and the CLLJ. Since a stronger (weaker) CLLJ tends to correspond 
to less (more) easterly wave activity over the IAS, we use variability in the CLLJ as a 
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proxy for the intensity of waves in the IAS that may contribute to precipitation over 
Mexico.  

Based on composite analyses of the CLLJ index, we infer that easterly wave 
activity is weaker (stronger) in the developing (decaying) phase of warm ENSO events 
(Fig. 11). This is consistent with previous literature, and with the hypothesis that easterly 
wave disturbances may decrease in the IAS during the developing phase of ENSO, 
making a negative contribution to rainfall during this time period. However, in MJ, there 
is a weaker low-level jet over the Caribbean, which may act to enhance easterly wave 
activity. This is inconsistent with the idea that changes to easterly wave activity may 
explain the persistence of negative rainfall anomalies following peak El Niño events, as 
we would expect an enhanced contribution to rainfall from easterly waves. This suggests 
that changes to the mean monthly flow may in fact strongly contribute to negative rainfall 
anomalies. However, we emphasize that the CLLJ may not be the only mean-flow feature 
that contributes to transients, and that we cannot fully assess the relative importance of 
transient activity in contributing to negative precipitation anomalies without budget 
analyses that incorporate transient terms.  

 
Summary and Conclusions 
 
 In this study, we clarified the intraseasonal evolution of the ENSO teleconnection 
to Mexican rainfall, and explored the atmospheric changes associated with El Niño-
induced drought in Mexico. We found that, in Mexico, lead and lag correlations 
demonstrate evidence for drought in the summer of the year preceding the peak of warm 
SST anomalies in the eastern-central Pacific, as well as in the spring of the year following 
these warm SST anomalies. Our major findings resulted in an explanation for the 
changing intra-seasonal spatial pattern of ENSO-induced negative rainfall anomalies, an 
evaluation of the anomalous subsidence versus land-sea thermal contrast mechanisms 
proposed for the developing phase of an El Niño event, as well as an understanding of the 
diverse mechanisms that may result in drought in the spring following a warm ENSO 
event.  

We suggest that spatial heterogeneity in the strength of the relationship between 
ENSO and Mexican summer precipitation may best be explained as a result of changes in 
the location of mean convection. Caso et al. (2007) showed a latitudinal decrease in the 
strength of the correlation between summer rainfall anomalies and ENSO. Other studies 
confirmed that the ENSO teleconnection is weaker, if not opposite in sign, in northern 
versus southern Mexico (Hu and Feng 2002; Seager et al. 2009). We showed that the 
magnitude of individual stations’ correlation with the Nino 3.4 index appears strongest in 
regions where we would expect climatologically strong gradients of moist static energy. 
This suggests that the ENSO teleconnection is strongest in regions of climatologically 
strong convection, and as the location of convection changes seasonally, so does the 
spatial extent of statistically significant correlations between the Niño 3.4 index and 
Mexican rainfall. Graef et al.’s (2000) daily precipitation climatology for Mexico as well 
as the early observations of Mosino-Aleman and Garcia (1974) showed the summer 
monsoonal rainfall follows the northward seasonal sweep of peak land surface 
temperatures. Given the seasonal northward sweep of peak moist static energy, regions in 
southern Mexico experience deep convection for a greater time period than those in 
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northern Mexico, and therefore there is a greater time period during which the El Niño-
induced suppression of convective rainfall can influence southern Mexico.  

Our detailed analysis of the 1997-1998 El Niño showed that, in this year, the 
dynamical feedback contributed strongly to negative precipitation anomalies.  In both 
JAS 1997 and MJ 1998, the dynamical feedback is strongly negative, suggesting 
weakened upward motion over Mexico, resulting in weakened vertical advection and 
suppressed convection. Our results are similar to modeling studies: Seager et al. (2009) 
analyzed an ensemble of 100-day integrations ENSO-forced rainfall anomalies over 
Mexico, and found that the influence of the circulation change term (the dynamical 
feedback) on changes in stability outweighed the influences of changes in humidity in the 
anomalous moisture budget.  

In JAS 1997, changes in onshore moisture advection, as might be expected if El 
Niño altered the land-sea thermal contrast, are much smaller than the dynamical feedback 
term. While we do observe anomalous winds that enhance negative precipitation 
anomalies along the eastern coast of Mexico in JAS 1997, these occur in the developing 
phase of El Niño before we would expect significant warming of Atlantic SSTs. This 
pattern may be linked to an enhanced interbasin gradient of SLP during El Niño events, 
which enhances moisture transport into the Pacific as a result of stronger easterly winds, 
increasing moisture divergence over coastal eastern Mexico.  

The descent anomalies that occur during ENSO events are often termed the 
‘anomalous Walker circulation.’ There are several mechanisms that could contribute to 
this circulation: one mechanism is the warming of the tropical troposphere, which causes 
temporary disequilibrium between boundary layer and free tropospheric equivalent 
potential temperature (Chiang and Sobel 2002). However, several processes may 
contribute to positive omega anomalies: specifically, in the anomalous moist static energy 
budget, circulation anomalies are balanced by changes in the gross moist stability of the 
atmosphere (i.e. the difference between vertically integrated dry static stability and 
moisture stratification), the net energy input to the atmosphere, the horizontal advection 
of moist static energy, as well as transient and non-linear terms (Chou et al. 2009; Zeng 
and Neelin 1999). Further analyses would therefore be necessary to understand the 
precise causes of descent anomalies.   

Composite moisture budget anomalies on warm ENSO events between 1979 and 
2007 show that, for the most El Niño events in this interval, the dynamic feedback 
accounts for a majority of the precipitation response in the developing phase of the ENSO 
event (i.e. year 0, prior to the peak SST anomalies). The situation is more complicated in 
the spring following a peak El Niño: despite a strong negative precipitation response in 
the majority of warm ENSO events, anomalous budget terms largely cancel each other 
out. This suggests heterogeneity in the mechanisms by which El Niño events cause 
delayed negative precipitation anomalies. Analyzing the dominant terms of the 
anomalous moisture budget in MJ 2005, we illustrate an alternative mechanism, apart 
from anomalous subsidence, by which lag effects of El Niño may induce drought. In MJ 
2005, the moisture advection anomalies as a result of anomalous northerly and westerly 
winds reduce moisture transport along the Atlantic coast of Mexico, and the direct 
moisture effect shows strong drying in the boundary layer over inland Mexico. However, 
the direct moisture effect shows increases in boundary layer moisture off the east coast of 
Mexico. We note that a similar, albeit weaker, effect was also observed in MJ 1998. We 
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tentatively suggest that the combined effect of anomalous winds and topography may 
result in less moisture transport inland onto the Mexican plateau. This is a mechanism 
that, to our knowledge, has not yet been considered in causing negative rainfall anomalies 
in Mexico. Note that this mechanism is distinct from the land-sea thermal contrast 
argument invoked to explain the ENSO teleconnection, as advection anomalies only 
appear to influence transport from the tropical Atlantic. This leads us to conclude that the 
interbasin gradient of SLP is likely more important than any land-sea thermal contrast in 
driving anomalous advection. In the absence of detailed model simulations, our 
hypothesis about the interaction of topography and anomalous winds remains an untested 
approximation, although it is derived from physical principles.  It is also unclear why 
advection terms and the direct moisture effect dominate the delayed spring ENSO 
teleconnection in some years, while the dynamic feedback dominates in other years.  

If this reduction in inland moisture transport does indeed play a role in negative 
precipitation anomalies, it has interesting implications for studies of inter-decadal 
changes in the ENSO teleconnection in Central America. It also suggests important ways 
in which highland Mexico’s delayed rainfall response to ENSO differs from that of 
adjacent regions like the Caribbean: instead of rainfall increasing in response to warmer 
Atlantic temperatures, Mexico’s highland areas may respond more strongly to anomalous 
wind patterns created by a reduced interbasin gradient of SLP. Several authors have noted 
that the strength of the ENSO teleconnection to various regions of Mexico in the mid-
1970s, either as a result of changes in the phases of the PDO, AMO, or changes in the co-
occurrence of positive phases of the NAO and warm ENSO events (Englehart and 
Douglas 2002; Hu and Feng 2008; Giannini et al. 2001). With respect to Atlantic 
changes, our proposed mechanism could offer an explanation of the non-stationarity of 
the ENSO teleconnection. Tropical North Atlantic warming has been shown to decrease 
moisture transport into northern Mexico and the central U.S., although the precise spatial 
pattern of this decrease is differs between model simulations (Kushnir et al. 2010; Wang 
et al. 2008). It is possible that interdecadal changes to the strength of northward moisture 
transport may help to amplify or reduce the ENSO teleconnection to spring rainfall in 
Mexico. It is unclear how the PDO may influence this mechanism. Further research can 
clarify the way low-frequency changes in moisture transport interact with interannual 
variability.  

Finally, there are several limitations to our approach: notably, in using monthly 
reanalysis fields we are unable to diagnose the contribution of changes in transient and 
nonlinear terms, which may be important in regions of Mexico where tropical storms or 
wave disturbances make up a larger proportion of summer rainfall. We note, however, 
that existing research suggests that tropical cyclones comprise at most 18% of total 
monthly precipitation between June and November in Mexico (Larson et al. 2005). We 
attempt to address changes in transient activity by using the strength of the CLLJ as a 
proxy for easterly wave activity in the IAS, although further analyses are needed to fully 
evaluate the role of transients. Other uncertainties in our budget calculations stem from 
imbalance in the NARR moisture budget and interpolation errors. Fortunately, 
comparison of our calculations to the native moisture flux convergence field from the 
NARR for the 1997-1998 ENSO event suggests that our calculations correctly 
approximate the sign and order of magnitude of moisture budget terms.  
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In summary, our results build on previous research on the teleconnection between 
ENSO and Mexican summer precipitation. We present evidence showing that drought 
occurs in Mexico in the year leading up to a peak El Niño as well as in the following 
spring. Our results are broadly consistent with the results of modeling studies that report 
precipitation reductions in the tropical Atlantic in response to anomalous convection in 
the eastern equatorial Pacific (Chiang and Sobel 2002; Lintner and Chiang 2007; Seager 
et al. 2009; Saravanan and Chang, 2000). Moisture budget analysis demonstrates that 
anomalous descent strongly contributes to negative precipitation anomalies in both the 
summer before a peak El Niño event, and in some years contributes to negative 
precipitation anomalies in the spring following the peak event. In other years, however, 
anomalous advection due to anomalous winds and the direct moisture effect contribute to 
negative rainfall anomalies in the spring following a peak El Niño event. This effect may 
result from the interaction of the coastal mountain ranges in Mexico and weakened winds 
resulting from warm SSTs over the Intra-Americas Sea, although further testing is 
necessary to confirm this hypothesis. We note that this is distinct from the land-sea 
thermal contrast argument, in which we would expect changes in onshore moisture 
advection to play a dominant role on the Pacific coast in the developing phase of ENSO. 
In the developing phase of the 1997-1998 El Niño event, changes in onshore moisture 
advection make a very minor contribution to negative precipitation anomalies. In the 
decaying phase of El Niño, the fact that advection anomalies primarily only occur over 
the Intra-Americas Sea leads us to conclude that changes in the wind field primarily 
result from changes in the gradient of SLP between the Atlantic and Pacific, not a land-
sea thermal contrast. We therefore conclude that anomalous subsidence, not a land-sea 
thermal contrast, is the dominant mechanism by which developing warm ENSO events 
induce negative precipitation anomalies in Mexico. Future work should focus on testing 
our hypothesis about the different mechanisms that may contribute to rainfall anomalies 
in the decaying phase of warm ENSO events. Further work can also help clarify the 
contribution of non-linear and transient terms, the factors that cause descent anomalies, 
and the interaction of ENSO with other modes of variability.  
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Figure 1. Location of rainfall stations used in this study, comprising 96 stations in total. 

Figure 2. Correlations between DJF Nino 3.4 index and precipitation and SST anomalies for year 0. Station markers are scaled to the 
magnitude of the correlations, with blue squares representing positive correlations and red circles representing negative correlations. 
For reference, markers representing correlations of 0.5 are in the left corner. Solid-colored station markers and areas within the solid 
black contour of SST indicate significant correlations at 95%, determined via resampling. 
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Figure 3.  As in Fig. 2, but showing the correlations between DJF Nino 3.4 index and precipitation and SST anomalies for year +1. 
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Figure 4. Bimonthly climatologies of moist static energy  integrated between 
750 and 500 mb, in J/kg, for MJ, JA, and SO, showing the development of a 
strong gradient of moist static energy during the peak summer rainy season 
over Mexico’s land surface. 
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Figure 5. Rainfall anomalies in a) JAS 1997 and b) MJ 1998 from the NARR, in W.m-2. Negative contours are dashed. 
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Figure 6. Area-averaged anomalous moisture budget for a) JAS 1997 and b) MJ 1998, 
see text for details
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Figure 7.  The dominant terms in the anomalous moisture budget for JAS 1997. Rectangle indicates averaging area for 
Fig. 10. Anomalies in W.m-2. 
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Figure 8. As in Fig. 7, but for MJ 1998, during the decaying phase of El Nino
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Figure 9. Area-averaged composite anomalous moisture budgets for different 
phases of El Niño events from NARR (see text). a) JAS of year 0 composite; b) 
MJ of year +1 composite, and c) MJ of year +1 composite, eliminating years 
that exhibit negative SST anomalies in the Niño 3.4 region in MJ. 
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Figure 11. Composite anomalies of the CLLJ index in the developing 
and decaying phase of warm ENSO events from 1979-2009.  
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Chapter Two 
 

Cultural Implications of Late Holocene Climate Change in the Cuenca Oriental, 
Mexico 
 
Abstract 
 
There is currently no consensus on the importance of climate change in Mesoamerican 
prehistory. Some invoke drought as a causal factor in major cultural transitions, including 
the abandonment of many sites at 900 CE, while others conclude that cultural factors 
were more important. This lack of agreement reflects the fact that the history of climate 
change in many regions of Mesoamerica is poorly understood. We present 
paleolimnological evidence suggesting that climate change was important in the 
abandonment of Cantona between 900 and 1050 CE. At its peak, Cantona was one of the 
largest cities in pre-Columbian Mesoamerica, with a population of 90,000 inhabitants. 
The site is located in the Cuenca Oriental, a semi-arid basin east of Mexico City.  We 
developed a sub-centennial reconstruction of regional climate from a nearby maar lake, 
Aljojuca. The modern climatology of the region suggests that sediments record changes 
in summer monsoonal precipitation. Elemental geochemistry (XRF) and δ18O from 
authigenic calcite indicate a centennial-scale arid interval between 500 and 1150 CE, 
overlaid on a long-term drying trend. Comparison of this record to Cantona’s chronology 
suggests that both the city’s peak population and its abandonment occurred during this 
arid period. The human response to climate change most likely resulted from the 
interplay of environmental and political factors. During earlier periods of Cantona’s 
history, increasing aridity and political unrest may have actually increased the city’s 
importance. However, by 1050 CE, this extended arid period, possibly combined with 
regional political change, contributed to the city’s abandonment.  
 
Introduction 
 

A key uncertainty in the history of Pre-Columbian Mesoamerica is the precise 
relationship between climatic change and major cultural transitions. While some scholars 
argue for a direct causal link between aridity and the abandonment of many sites 
(Lachniet et al., 2012; O’Hara et al., 1994; Hodell et al., 2005; Stahle et al., 2011), others 
argue that anthropogenic landscape transformations were more important in facilitating 
cultural change (Heine, 2003; Sanders, 2006). A focal point of this debate is the dramatic 
cultural change that occurred during the Terminal Classic, from approximately 850 to 
1000 CE. Much of this debate has focused on the Maya lowlands (Hodell et al., 2005; 
Curtis et al., 1996), although researchers have also explored linkages between climate 
and cultural change in Terminal Classic highland Mexico (Lachniet et al., 2012; O’Hara 
et al., 1994; Stahle et al., 2011). However, these comparisons have been hindered by a 
lack of high-resolution paleoclimate records:  while paleoclimate records from across 
Mesoamerica suggest arid conditions at some point during this interval (Lachniet et al., 
2012; O’Hara et al., 1994; Hodell et al., 2005; Sanders, 2003; Curtis et al., 1996; 
Metcalfe and Davies, 2007), patterns of climatic change may have been regionally 
heterogeneous.  
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The Cuenca Oriental, or Oriental Basin, offers an important setting in which to 
assess hypotheses about past human-environment relationships. Located east of the Basin 
of Mexico, in the eastern Trans-Mexican Volcanic Belt (TMVB), the region is marginal 
for maize agriculture today. Paleoclimate records from this area therefore have broad 
implications for our understanding of the importance of past climate change in altering 
the ‘northern frontier of Mesoamerica,’ defined as the northern limit of maize agriculture 
(Armillas, 1969). Moreover, this area was controlled by powerful Pre-Columbian city-
states in the Classic and Post-Classic periods, and served as an important site of contact 
between highland Mexico and the cultures of the Atlantic Gulf Coast (Plunket and 
Uruñuela, 2005).   
 The site of Cantona, in the northern Cuenca Oriental, is particularly intriguing 
because of its size and mysterious abandonment. The city drew its economic importance 
from the exploitation of obsidian at the site of Oyameles-Zaragoza, and was a key 
supplier of obsidian to settlements along the Gulf of Mexico (García-Cook and Merino 
Carrion, 1998; Knight and Glascock, 2009). The site covered over 12 km2 and housed an 
estimated population of 90,000 at its peak, but was abandoned between 900 and 1050 CE 
(Fig. 1). Several authors have speculated that drought was responsible for this 
abandonment (García-Cook and Merino Carrion, 1998), but prior to the present study, no 
detailed paleoclimate records have been available for the Cuenca Oriental. The present 
climate is strongly seasonal, with rainfall primarily occurring from May through October 
(Fig. 2). This summertime increase in convective activity is driven by the seasonal 
heating of the land surface, and is linked to the broader circulation regime known as the 
North American, or Mexican, Monsoon (Higgins et al., 1997). High-resolution 
paleoclimatic records can help us understand the long-term variability of this monsoonal 
system.    
 Here we report on a sub-centennially resolved paleoclimate record from a maar 
lake, Aljojuca, in the eastern Cuenca Oriental, 30 km south of Cantona (Fig. 1). We 
discuss the implications of the record for our understanding of late Holocene climate 
variability in Mesoamerica. We also explore the cultural implications of these 
paleoclimate changes for Cantona and other important pre-Columbian sites in highland 
Mexico (Fig 1).  
 
Archaeological Excavation at Cantona 

While reports about Cantona extend back to the 19th century, the first detailed 
studies of the site’s architecture occurred in the 1980s (García-Cook and Merino Carrion, 
1998).  Many of the site’s architectural features are unusual, including the asymmetric 
alignment of pyramids, ballcourts, and walled streets (García-Cook and Merino Carrion, 
1998)).  Early work also suggested that Cantona may have played an important role in 
distributing obsidian obtained at the site of Oyameles Zaragoza to the Gulf Coast. In 
1992, Angel García-Cook began a systematic program of research to understand the site’s 
settlement patterns, cultural materials, and occupation history (García-Cook and Merino 
Carrion, 1998).   

Excavations of housing units, plazas, and other structures helped uncover 
sacrificial and burial practices, ceramic and lithic artefacts, and material for radiocarbon 
dating (García-Cook and Merino Carrion, 1998). In García-Cook’s initial study, 22 dates 
of organic material, obtained in context, helped define four periods of occupation. The 
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majority of material dated between 600 BCE and 950 CE. A selection of dates from the 
site is available in (García-Cook and Merino Carrion, 1998). Since this initial study, 63 
additional radiocarbon dates have been obtained, largely confirming García-Cook’s initial 
chronology (García-Cook and Martínez Calleja, 2012). The current site chronology is 
based on 85 radiocarbon dates, obtained in context with other cultural materials, defining 
the four major phases of occupation discussed in the main text. More information on the 
radiocarbon dates is available in (García-Cook, 2004). Particularly critical to our study is 
the inference of the timing of Cantona’s abandonment. Dr. García-Cook’s team reports 
that the final phase of occupation coincides with the termination of the 2- σ calibrated age 
range of available dates from the site (García-Cook, 2004). The most recent date, 
obtained from a burial, had a 2-σ calibrated age range between 776 and 994 CE (García-
Cook, 2004). 

High-resolution aerial photography enabled researchers to identify individual 
housing units, neighborhoods, internal roads, and other key structures of the city. 
Combining these data with artefacts obtained from individual structures, detailed 
descriptions of architectural style, and radiocarbon dates helped identify phases of 
construction, and define the extent of occupation, density of settlement in housing units, 
and estimates of population size for given time periods (4). More details are available in 
(García-Cook and Merino Carrion, 1998; García-Cook and Martínez Calleja, 2012; 
García-Cook, 2004 ;  Martínez Calleja, 2004). For instance, noting that structures built 
after 600 CE were oriented east-west instead of north-south, and often accompanied by 
defensive walls and walled streets designed to control internal circulation, researchers 
inferred that the governing structure of this time period was militaristic and exercised 
strong control over the city’s population (Martínez Calleja, 2004).  
 
Materials and Methods 
 
Core Recovery  
In March 2007, a joint team from UNAM and the GFZ German Research Centre for 
Geosciences recovered one long core and two shorter cores; with lengths of 12 m, 6 m, 
and 8 m respectively; from Aljojuca maar using an Usinger hydraulic piston coring 
system. The cores are largely laminated, with occasional turbidites or sections of 
homogeneous clay. We identified four tephra layers at depths of 353, 551, 885, and 1041 
cm. Core sections were correlated using magnetic susceptibility, high-resolution 
photographs, and tephra layers.   
 
Chronology 
 
Radiocarbon Dates 
Radiocarbon dates were obtained via AMS dating of terrestrial macrofossils, primarily 
consisting of clearly identifiable wood fragments, twigs, or buds (Fig. 3). Where 
macrofossils were unavailable, we extracted pollen using standard palynological 
methods, and used a cell sorter to isolate pine pollen. Isolating terrestrial material avoids 
dating material influenced by hardwater error. In addition, in the case of pollen dates, 
since pines exhibit anemophily and produce copious amounts of airborne pollen, the 
wind-borne deposition of pine pollen directly on the lake surface likely dwarfs any pollen 
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re-deposited from soils, especially since pollen is likely only preserved for a few years in 
the dry soils around Aljojuca.  

Some dated material may represent reworked material eroded from soils: we note 
that the date at 815 cm is artificially old, and likely represents reworked charcoal 
material. There is also a small age reversal between samples at 551 and 612 cm. 
Similarly, replicate dates at 383 cm show that a charcoal date from that depth is slightly 
older than other dated material, despite the fact that it overlaps within 2-sigma 
uncertainties (Fig. 3) It is possible that woody charcoal fragments may be pre-aged: they 
may represent reworked material washed into the lake during erosive episodes, or may 
represent the burnt inner rings of a tree that may be older than younger twigs or buds 
from the same tree. We would therefore expect some spread in the radiocarbon dates 
available for a particular site as a result of differences in the material being dated or 
depositional effects. In the absence of clear a priori reasons to reject certain dates, 
Bayesian age modeling is able to handle the spread in radiocarbon dates by creating age 
models that include the portions of the calibrated calendar age distributions that are 
consistent with the age distributions of other dates (Fig. 3, Fig. 4). We also note that the 
samples at 206 and 245 cm have calibrated 95% confidence intervals that include 
essentially modern dates (Fig. 3). This is a consequence of variations in the rate of 
production of atmospheric 14C in the past 500 years, which result in a large range of 
possible calibrated calendar ages for each of these dates (Hua, 2009).   
 
Age Modeling Techniques 

We used Bayesian age modeling techniques, implemented within the package 
Bacon (Blaauw and Christen, 2011). These methods explicitly incorporate a prior 
distribution for sediment accumulation rates. As a result, the age model is able to model a 
range of possible sediment accumulation histories, incorporating the full range of 
calendar ages that a given radiocarbon date may represent, using Markov Chain Monte 
Carlo simulations (Blaauw and Christen, 2011). This has distinct advantages over fitting 
a single age model through the midpoints of calibrated dates, as it explicitly quantifies the 
age uncertainty at each depth in the age model. Moreover, Bacon assumes that lower 
depths in the core are chronologically older than overlying sediments, and therefore also 
uses the age ranges of lower depths to constrain the calibrated age range of overlying 
dates (Blaauw and Christen, 2011). A Bayesian approach has distinct advantages for the 
Aljojuca record: first, it allows us to assess the full impact of chronological uncertainty 
on our estimate of the timing of the dry phase. Second, using the calibrated age ranges of 
subsequent depths allows us to constrain the likely calibrated dates associated with 
radiocarbon samples with large calibrated age ranges (e.g. the dates at 206 and 245 cm). 
We also included a tie point to the surface corresponding to the year the core was 
collected, including an error of 50 years for this date.  

Bayesian age modeling allows us to assess the impact of age uncertainty on the 
timing of the arid phase in our proxy record. To illustrate this point, we plot so-called 
‘proxy ghost’ diagrams from Bacon, which shows the chronological uncertainties 
associated with proxy values in gray (Fig. 4). Wide gray bands indicate more 
chronological uncertainty in a given age interval, while narrower gray bands indicate a 
more certain chronology (Blaauw et al., 2007). The red line represents the weighted mean 
proxy values from all age iterations (Fig. 4). These plots suggest that, despite age 
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uncertainty, there appears to be robust evidence for drought between approximately 500 
and 1100 CE. 
 The age model also shows changes in the sedimentation rate over time. These 
may be related to historical or pre-Hispanic human impacts, or changes in terrigenous 
flux or authigenic calcite precipitation in the lake, and are discussed in the main text.   
 
Elemental Geochemistry 

Initial qualitative X-ray diffraction (XRD) revealed that core lithology was 
dominated by plagioclase, quartz, secondary clay minerals, and authigenic calcite. To 
quantify fluctuations in elemental geochemistry, we combusted sediments at 550˚C and 
analyzed powder pellets using a ThermoFisher Scientific QUANT’X EDXRF Analyzer. 
Major element concentrations are expressed in mass % oxide, while minor element 
concentrations are expressed in ppm. The precision for major and trace elements reported 
here ranged between 0.5 and 3.0%. Samples are spaced by approximately 40 years.   
We interpret the mass % of Al2O3 as an indicator of input of plagioclase and secondary 
clay minerals from the maar slope walls into the lake system. The flux of Al increases 
during wet conditions, when enhanced slopewash transports terrigenous material into the 
lake system (Fig. 5).  
 
Pollen  

Samples for pollen analysis (1.25 cm3) were taken at approximately 50 year 
intervals and processed using standard palynological methods (Faegri and Iversen, 1989). 
We counted 300 grains per sample at 400x magnification except for three samples where 
concentrations were low, and in total identified 108 different pollen and spore taxa. We 
also scanned 3 slides from each level at 100x to identify maize (Zea mays subsp. mays) 
pollen, monoporate grains with long axis ≥ 90 µm and pore annulus ≥12 µm, as an 
indicator of local agriculture. We also used Nomarski interference contrast microscopy to 
eliminate the possibility that these grains represent Tripsacum (Holst et al., 2007). 
Unfortunately, teosinte, the wild relative of maize, is native to this area of the Cuenca 
Oriental, and the significant morphological overlap between the two pollen types makes 
it difficult to distinguish domesticated maize from teosinte (Whitehead and Langham, 
1965). Our identifications of maize pollen must therefore be regarded as tentative. 
 
Stable Isotopes 
 We measured the oxygen and carbon stable isotope ratios of calcite on bulk 
sediment samples, containing thin laminations of authigenic calcite. We inspected 
samples to verify the absence of shells or large grains of calcite. Isotope ratios are 
reported in δ notation in ‰ relative to VPDB. Samples were dried at 50˚C for 24 hours, 
and measured on an Isoprime Micromass mass spectrometer. Analytical precision for 
δ18O was ± 0.037‰, and ± 0.027‰ for δ13C, and is reported relative to the standard 
NBS-19 (n=12). Samples are spaced by approximately 20 years.  

We interpret changes in ∂18O as indicative of changes in the ratio of evaporation 
and precipitation (E/P). An increase in the evaporation relative to precipitation increases 
the 18O content of lakewater: H218O tends to evaporate more slowly than H216O, and 
the higher 16O content of atmospheric water vapor means that 16O is preferentially 
returned to the lake in precipitation (Issar et al., 1984). A higher (lower) ratio of 
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evaporation to precipitation would therefore result in higher (lower) ∂18O. The strong 
covariance of oxygen and carbon isotope ratios in authigenic calcite (R2 = 0.82) suggests 
a hydrologically closed lake system that loses water primarily to evaporation (14) (Fig. 
6).  Groundwater provides a major source of water into the maar lakes of the Cuenca 
Oriental. However, previous studies suggest that the phreatic zone aquifers around Pico 
de Orizaba fall on the local meteoric water line, and largely reflect the isotopic ratio of 
precipitation (Issar et al., 1984). 
 
Results 
 

In 2007, we recovered cores from the maar lake Aljojuca that extend from the 
sediment-water interface to a depth of 12 m. Most core sections featured laminated 
sediments (Fig. 7). Our Bayesian radiocarbon-based age model indicates that the cores 
cover the past 6,200 years and feature a high sedimentation rate, with a mean 
sedimentation rate of 3.5 mm/yr, although the sedimentation rate varies over time (Fig. 3, 
SI Methods). In this paper, we focus on the last 3,800 years of the record, when multiple 
proxies provide robust evidence of a dry phase between approximately 500 and 1150 CE 
(Fig. 8). While the paleoclimate patterns recorded at Aljojuca may have implications for 
several pre-Columbian sites, we focus on Cantona since it is the closest major pre-
Columbian site to the lake.  
 In closed basin lakes, the oxygen isotopic ratio of carbonates reflects changes in 
the ratio of evaporation to precipitation (E/P), as a high ratio of E/P preferentially 
concentrates 18O in lake water (Leng and Marshall, 2004). In samples of authigenic 
carbonates from Aljojuca, we found that oxygen and carbon isotopes co-vary strongly, 
indicating closed basin conditions (Fig. 6) (Leng and Marshall, 2004). We therefore 
interpret higher values of δ18O (‰ relative to VPDB) as indicative of an increase in the 
E/P ratio and a reduction in summer monsoon strength. We also interpret changes in 
sediment geochemistry as an indicator of changes in the strength of the summer 
monsoon. Increases in the concentration of aluminum, expressed as mass% Al2O3, reflect 
terrigenous material (i.e. feldspars and secondary clay minerals) washed into the lake 
during periods of high precipitation (Fig. 5). The full suite of elemental geochemistry 
data supports this interpretation, as fluctuations in concentrations of aluminum co-vary 
positively with fluctuations in immobile, terrigenous elements like titanium (Fig. 5). 
However, this terrigenous flux may also increase during periods of anthropogenically-
induced erosion. Our moving average-filtered proxy data show that starting at 0 BCE/CE, 
values of δ18O become progressively more enriched, with the most enriched values 
occurring between 500 and 1100 CE. Sedimentary aluminum concentrations begin to 
decline at approximately 200 BCE, with minimum values between 550 and 1200 CE 
(Fig. 7).  

The oxygen isotope and aluminum proxy records reflect slightly different trends. 
Most notably, aluminum concentrations show a return to higher values between 400 and 
500 CE, while δ18O values remain enriched. Differences between these proxy archives 
may reflect different timescales of response to climate changes, or sensitivity to other 
processes. For instance, fluctuations in aluminum may in part be sensitive to changes in 
anthropogenic land use. However, we suggest that aluminum fluctuations primarily 
reflect changes in climate rather than anthropogenic land use, at least in the pre-
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Columbian period.  Our age model does show increases in sedimentation rate between 
250 BCE and 50 CE and after 1570 CE, which might suggest an anthropogenic influence 
(Fig. 3). However, there is a lower sedimentation rate in the drought interval, between 
500 and 1150 CE, consistent with reduced terrigenous flux into the lake system as a result 
of climate drying. If sediments strongly reflected anthropogenic erosion, we would 
expect increased proportions of terrigenous indicators (i.e. Ti or Al) in this time period. 
Instead, we observe the opposite, with elevated proportions of calcium, indicative of a 
greater proportion of authigenic minerals, like calcite (Fig. 5).  

Pollen records can provide important indicators of anthropogenic activity, with 
weedy taxa (e.g. high-spine Asteraceae, Amaranthaceae, or Poaceae) and crop pollen 
often indicating agriculture (Park et al., 2010; Piperno, 2006). The pollen record at 
Aljojuca does not reflect land use practices associated with Cantona, since the city is 30 
km from the lake, but it can be used to evaluate whether the area around the lake itself 
was strongly influenced by human activities. Increasing percentages of high-spine 
Asteraceae pollen at approximately 1700 CE may result from Spanish conquest and 
subsequent land transformation (Fig. 8). Prior to at least 1300 CE, we do not see a 
comparable increase in Asteraceae pollen that may indicate Pre-Columbian settlement 
around the lake. The full suite of pollen data may represent the combined influence of 
climatic drying and anthropogenic land use.  
 Most importantly, despite any pollen evidence for anthropogenic activity around 
Aljojuca, it is important to note that changes in mass % Al2O3 are not synchronous with 
the appearance of maize pollen or weedy taxa, as we may expect if the record primarily 
reflected changes in local, anthropogenically-induced erosion instead of climatic 
processes (Piperno et al., 2007; Fig. 8). In addition, both the geochemistry and stable 
isotope data show evidence of a drying trend between 100 BCE and 1150 CE, 
culminating in peak aridity between 500 and 1150 CE. The overall similarity of the 
aluminum and oxygen isotope proxy records suggest a climatic driver for the observed 
changes in both proxies, especially because δ18O values of calcite are less sensitive than 
other proxies to anthropogenic effects.  
 
Comparison of Paleoclimate and Cultural History  
 

In this section, we compare the cultural history of Cantona with the paleoclimatic 
record developed from Aljojuca. We also discuss the implications of this paleoclimatic 
record for other important sites in highland Mexico. Recent archaeological research at 
Cantona has produced a radiocarbon chronology that indicates occupation from 600 BCE 
to approximately 1050 CE (Fig. 8). Detail on Cantona’s excavation and interpretation is 
available in the SI Background.  

The first phase of occupation, Cantona I (600 BCE-50 CE), marked the expansion 
of the city from two smaller pre-existing villages. Isotope and geochemical evidence 
indicates a relatively wet climate for the majority of this interval. The second phase of 
occupation, Cantona II (50 -600 CE) included a period of strong expansion, by the end of 
which the city covered 1000 ha and had more than 60,000 inhabitants. Climate exhibited 
a slow drying trend over this interval.  The archaeologists working at the site have 
suggested that the end of Cantona II was likely a period of major turmoil: they have 
hypothesized that the destruction of many structures in the civic-religious center suggests 
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a military coup between 550 and 600 CE (García-Cook and Merino Carrion, 1998; 
García-Cook and Martínez Calleja, 2012).  Subsequently, decreases in religious 
iconography, increased fortification of the city, and walled streets that restricted mobility 
suggest a militaristic government that both repelled outside attack and exercised strong 
control over the city’s population (18). Other hypotheses, like internal revolt or elite 
takeover, may also be consistent with the evidence of destruction and cultural change in 
the archaeological record. We refer to this period as a coup to maintain consistency with 
dominant explanation in the existing archaeological research on Cantona (García-Cook 
and Martínez Calleja, 2012). We also note that recent research suggests that Teotihuacan 
was abandoned at approximately 550 CE, possibly as a result of internal revolt 
(Beramendi-Orosco et al., 2009).   

Despite intensifying aridity between 500 and 1150 CE, population rose again in 
the period defined as Cantona III (600-900 CE) reaching an estimated peak of 90,000 at 
700 CE. Archaeologists working at the site have suggested that part of this population 
increase likely resulted from migration from other areas of Mexico (García-Cook and 
Martínez Calleja, 2012). Migrants from the north may have been driven by increasing 
aridity (Evans, 2008). This time period was likely one of turmoil elsewhere in highland 
Mexico, as a result of Teotihuacan’s earlier decline, the decline of Cholula between 650 
and 850 CE, and eruptions of the volcano Popocatépetl (Evans, 2008; Seibe et al., 1996). 
It is possible that this turmoil may have created a flux of migrants to other rising centers 
of regional power (García-Cook and Martínez Calleja, 2012; Evans, 2008). Cantona is 
similar to other regional powers that emerged in the late Classic, because it is 
strategically located, on a basaltic flow with a view of the surrounding landscape (O’Hara 
et al., 1994; Plunket and Uruñuela, 2005; García-Cook and Martínez Calleja, 2012). This 
defensible position may have contributed to the site’s persistence, and might have helped 
the city attract migrants fleeing political turmoil.  

The growth of Cantona III was short-lived. Between approximately 900 and 1050 
CE, designated as Cantona IV, the city declined. This interval was marked by the 
increased construction of defensive infrastructure and emigration. By 1050 CE, the city 
and its surroundings contained a remnant population of an estimated 5000 occupants.   
This population reduction occurs within the period of peak aridity at Aljojuca (Fig. 8).  
Analysis of the age uncertainty associated with the δ18O proxy values suggests that 
despite age uncertainty, the entire interval of Cantona IV likely coincided with dry 
conditions  (Fig. 3, Fig. 4). The precise social changes leading to abandonment remain 
unknown, but it may have been internal unrest generated by heightened resource scarcity, 
or change in regional power dynamics associated with the rise and decline of other sites 
(García-Cook and Martínez Calleja, 2012; Evans, 2008; Conserva and Byrne, 2002). 
After the close of this arid interval, there was a return to much wetter conditions, as well 
as significant social changes in the Cuenca Oriental and adjacent areas, including the 
resurgence of Cholula (Evans, 2008). Cantona itself, however, was permanently 
abandoned.  

 
Pre-Columbian Vulnerability to Climate Change in the Cuenca Oriental 
 

A comparison of climate and cultural history suggests some correlation between 
changes in climate and cultural events:  the hypothesized coup that resulted in the 
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transition to Cantona III occurred during a period of drying climate, and the site’s final 
abandonment may have occurred during an extended arid period between 500 and 1150 
CE. However, during Cantona III, the site’s population actually grew during the early 
part of this dry phase. Identifying correlations between cultural history and climate 
changes can be difficult: radiometric dating uncertainty may hinder attempts to identify 
synchronicity in climatic and cultural histories (Butzer, 2012; Butzer and Endfield, 2012). 
Some of these concerns can be ameliorated by quantifying the age uncertainty associated 
with proxy records, which we have attempted to do using Bayesian age modeling 
techniques (Fig. 3, Fig. 4). Furthermore, correlations do not necessarily reveal the social 
processes that determine vulnerability to climate change (Butzer, 2012; Butzer and 
Endfield, 2012). Other lines of evidence can reveal the complexity of human responses to 
drought: for colonial Mexico, archival sources have provided important evidence on the 
ways existing administrative practices and social conflicts preconditioned responses to 
drought (Endfield, 2012). Land-use histories inferred from detailed geomorphic evidence 
have shed light on the ways the ancient Maya adapted to climate change (Luzzadder-
Beach et al., 2012; Dunning et al., 2012). However, detailed correlative studies, like the 
one presented here, can identify the extent to which cultural change and environmental 
stressors track each other, and therefore can serve as the first step in more detailed 
analyses of human-environment interactions.  

Our results suggest that the abandonment of Cantona coincided with one of the 
driest intervals in the past 3,800 years. However, the strong growth of Cantona III also 
occurred during this arid interval. This emphasizes the important interplay of 
environmental and political stresses: a drying climate no doubt stressed agricultural 
production and water resources, and may have been a contributing factor to the coup that 
resulted in the militaristic government of Cantona III. The strong, centralized control 
exercised by this new ruling structure might have regulated access to resources in order to 
adapt to resource scarcity. It is also possible that Cantona’s strategic location may have 
attracted migrants, fleeing environmental stress or political upheavals elsewhere in 
central Mexico, although further research is necessary to explore this hypothesis. Some 
researchers have linked these late Classic political upheavals with climatic drying 
(Lachniet et al., 2012; O’Hara et al., 1994). It is important to note, however, that while 
sites like Cholula underwent significant periods of decline between 650 and 850 CE, 
other factors apart from climate, like invasion or volcanic eruptions, may have played a 
significant role in these cultural transitions. In addition, other sites like Cacaxtla reached 
their peak in this time interval (Evans, 2008). The broader instability of this time period, 
which may have been in part due to climatic drying, may have briefly increased the 
importance of Cantona, and other sites in defensible locations (Evans, 2008).  

Future research should focus on clarifying the factors that may have increased or 
decreased vulnerability to drought at Cantona and other pre-Columbian sites. Existing 
archaeological research does suggest some vulnerability to long-term rainfall reductions 
at Cantona. Total annual precipitation near Aljojuca is approximately 800 mm/year. This 
is considered marginal for maize agriculture (Heisey and Edmeades, 1999). Some 
researchers have hypothesized that Cantona imported a portion of its food from regions to 
the south (García-Cook and Martínez Calleja, 2012), near Aljojuca, or from the Gulf 
lowlands (Evans, 2008). Food storage facilities were likely an important component of 
long-distance trade networks, and an important adaptation to the unpredictability of local 



! 44!

maize yields. Archaeological surveys have located 83 silo-like structures for grain storage 
(García-Cook and Martínez Calleja, 2012). Many are clustered within the civic-religious 
center, or are located at key strategic locations throughout the city, suggesting that ruling 
elites controlled resource access (García-Cook and Martínez Calleja, 2012). These 
structures may have been additionally important during periods of rainfall reduction, 
when lowered agricultural production placed strain on the population. 

Water is also scarce in the modern landscape around Cantona. The closest surface 
water, a presently saline lake, is over 5 km south of the city (García-Cook and Merino 
Carrion, 1998). Archaeological surveys reveal evidence of cisterns excavated into stone 
floors throughout the city, which may have stored rainwater. Given the paucity of surface 
water in the region, these structures may have been the primary mechanism for storing 
water in the city (García-Cook and Martínez Calleja, 2012). This reliance on rainwater 
collection suggests that the city would have been especially vulnerable to drought. 
Further work to clarify land use patterns and develop a well-dated history of resource 
management practices will play an important role in clarifying human-environment 
linkages at Cantona.  

 
Comparison to other Paleoclimatic Records 
 

The Aljojuca record displays several similarities to paleoclimatic records from 
other regions of Mesoamerica. A long-term drying trend, from approximately 100 BCE to 
1100 CE, is also present in the Punta Laguna ostracod δ18O record in the northern 
Yucatan (Curtis et al., 1996) (Fig. 9). The period of maximum aridity at Aljojuca roughly 
coincides with drought intervals at Punta Laguna (Curtis et al., 1996), as well as a period 
of increased drought frequency inferred at Lake Chichancanab (Fig. 9) (Hodell et al., 
2005). Centennially-resolved lacustrine records from central Mexico suggest a dry phase 
between approximately 700 and 1000 CE (Metcalfe and Davies, 2007).  In addition, 
researchers have reported evidence of late Classic droughts in the trace metal record from 
the Cariaco Basin (Haug et al., 2003). However, there are substantial differences between 
the Cariaco Basin and the Aljojuca records, especially after 1200 CE, suggesting that the 
Cariaco Basin may not be a good analog for the climate of the Cuenca Oriental (Haug et 
al., 2003). There are also some similarities between the Aljojuca record and a speleothem 
record from the Sierra Madre del Sur, in western Mexico. Both paleoclimate records 
show a late Holocene dry period between approximately 500 and 950 CE (Lachniet et al., 
2012). However, in the Aljojuca record this dry interval extends to 1150 CE, and both 
records show diverging trends between 400 BCE and 100 CE, possibly as a result of 
regionally different climatic patterns (Fig. 9). These apparent differences may also be due 
to differing processes controlling how climate is recorded in lakes and speleothems. For 
instance, lake calcite δ18O often reflects overall lake water balance (e.g. E/P changes), 
while speleothem calcite δ18O reflects the degree of prior rainout of air masses, or the 
characteristics of local precipitation.  
 
Climatic Interpretation 
 

We suggest that the Aljojuca paleoclimate record reflects multi-decadal to 
centennial scale changes in summertime convective rainfall. The prolonged dry phase 
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recorded from 500 to 950 CE corresponds reasonably well with late Holocene dry phases 
reported from the Yucatan, despite different regional climatologies. While a long-term 
drying trend over the Holocene may be attributable to precessional forcing (Haug et al., 
2001), the abrupt termination of the dry phase at 950 CE implies some other cause. We 
suggest that these changes may result from teleconnections resulting from changes in the 
Atlantic or Pacific basins.  

Evidence from the modern instrumental record and modeling experiments suggest 
that changes in regional sea surface temperatures (SSTs) can force large-scale, coherent 
patterns of rainfall change over Mesoamerica. Analysis of instrumental data suggests that 
developing warm conditions in the eastern equatorial Pacific are tied to dry summer 
conditions over large regions of Mexico and Central America (Bhattacharya and Chiang, 
2014; Giannini et al., 2000; Seager et al., 2009; Magaña et al., 2003). An anomalously 
warm tropical north Atlantic is linked to increased rainfall over the Yucatan and southern 
Mexico, and decreased rainfall over northern Mexico (Kushnir et al., 2010; Wang et al., 
2008). Tropical Pacific and Atlantic SST changes may also induce meridional shifts in 
the mean position of the Intertropical Convergence Zone (ITCZ) (Chiang et al., 2002). 
Proxy records of ENSO conditions at approximately 1000 CE are equivocal: some 
records show enhanced El Niño-like conditions (Conroy et al., 2008; Moy et al., 2002; 
Yan et al., 2011), while others suggest a La Niña-like mean state (Cobb et al., 2003). A 
recent 2000-year SST record identifies cooler SSTs in the tropical Atlantic and reduced 
Atlantic Meridional Overturning Circulation (AMOC) strength between 650 and 800 CE 
(Wurtzel et al., 2013), which could be linked to reduced precipitation over regions of 
Mesoamerica in the early part of the dry interval we identify. Further modeling studies 
and efforts to synthesize regional SST and terrestrial precipitation records may clarify the 
spatial patterns and mechanisms behind late Classic drought in Mesoamerica.  
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Figure 1:  Locations of Cantona (red square) and other major sites in central highland Mexico (black 
circles), along with location of Aljojuca maar. Topography from 1500 to 4500 masl, contoured by 500 
m. Gray line shows outline of the Cuenca Oriental. Inset map shows Google Earth satellite imagery of 
region around Cantona, with outline of the city shown in gray. Labels designate the southern, central, 
and northern architectural clusters within the city, after (García-Cook and Merino Carrion, 1998).  
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Figure 2: Climatic patterns in the Cuenca Oriental: a) July-September climatological winds at 750 mb at 
850 mb, from the North American Regional Reanalysis (8). The climatology shows southeasterly winds 
over much of Central Mexico, suggesting that advection from the Intra-Americas Sea and the tropical 
North Atlantic supplies the moisture for summer rainfall near Aljojuca. Also shown is the location of 
Aljojuca (red square), and black circles indicate three weather stations from across the Cuenca Oriental (1 = 
Balcon Diablo, Puebla, 98.1 W, 18.9 N; 2 = Xicotepec de Juarez, Puebla, 98 W, 20.3 N; 3 = Apizaco, 
Tlaxcala, 98.1 W, 19.5 W). Panel b) shows the climatology (1949 -1999) of temperature and precipitation 
from station 1, near Aljojuca, indicating strong seasonality of precipitation, with enhanced rainfall in the 
summer months. Note the double peak in summer rainfall. While localized climatic patterns within the 
Cuenca Oriental can be heterogeneous and strongly influenced by topography, panel c) shows inter-annual 
variability of July-September rainfall from stations 1-3 for 1949 to 1999 in standardized anomalies, and 
indicates that similar broad trends in inter-annual rainfall variability register across multiple sites 
throughout the basin. Station data was obtained from the Instituto Mexicano de Tecnología del Agua 
(IMTA), using ERIC III, a database containing all available meteorological station data from 1900 to 2008. 
Processing techniques for station data shown here are discussed further in (Bhattacharya and Chiang, 
2014).  
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Figure 3: a) Radiocarbon dates from Aljojuca, obtained from fragments of wood, other terrestrial plant 
material, or concentrations of pine pollen. Pine pollen was isolated using standard palynological techniques 
and then separated using a cell sorter at the Center for Flow Cytometry at University of Indiana, 
Bloomington. An * indicates a substantially reversed date that was not used in the age model. b) Age model 
created Bayesian age modeling techniques. Top left: Log of objective shows no structure across 
neighboring iterations, suggesting a good age model run. Top middle and top right plots show prior initial 
guesses (green) and posterior (gray) distributions for accumulation rate and memory, respectively. Memory 
represents the autocorrelation between accumulation rates at subsequent depths in the core. Bottom panel 
shows dates, with the mean age model (red) and 95% confidence interval of dates for a given depth (dashed 
lines). Grayscale intensity indicates likelihood of an age for a given depth. Note that ages are in calendar 
years before present, which can be converted to CE/BCE by subtracting from 1950.  
 
 
 
 
 
 
 
 
 

a)

b)

 

Lab Code Depth (cm) Material 14C 
Age 

Error  2 σ cal. age range BP 

CAMS150476 206 Wood fragment 140 35 5-281  
CAMS166538 245 Bud, twig  

Likely 
Juniperus 

225 35 0-422 

CAMS168422 304 Wood fragment 330 30 307-473 
CAMS168423 342 Wood fragment 705 30 561-691 
CAMS163698 353 Charcoal 1370 30 1263-1340 
CAMS168424 383 Charcoal 1250 30 1080-1274 
CAMS168426 383 Possible Pinus 

scales 
1180 35 983-1225 

CAMS168425 
 

383 Wood fragment 1170 30 985-1179 

CAMS155155 400 Wood fragment 1495 30 1308 - 1506 
CAMS150477 423 Wood fragment 1600 35 1407 - 1555 
CAMS163697 551 Charcoal 

fragments 
2195 30 2132 - 2315 

CAMS150478 612 Wood, possibly 
Pinus  

2035 30 1901 - 2108 

CAMS166539 750 Monocot 
fragment, burnt 

2330 30 2212-2436 

CAMS155795 1170 Pine pollen 
concentration 

5460 25 6210 - 6302 

CAMS155154 815 Flower or leaf 
fragment 

32420 210 35966- 36637* 
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Figure 4: ‘Ghost proxy’ diagrams, created using the Bayesian age modeling package Bacon (7). Width of 
gray bands indicates uncertainty in the calendar age associated with the proxy measurement, in this case 
δ18O. Note that an extended interval of drought, between approximately 1450 and 850 cal yr. B.P. (500 to 
1100 CE) is a robust feature of despite age uncertainty in the age model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Robust trends across measured elemental geochemistry data, expressed as mass % oxides for 
major elements, and ppm for minor elements. The first principal component of the log-ratio transformed 
XRF data, which explains 32% of the variance, weights positively on indicators of terrigenous input (Al2O3, 
Ti), and negatively on indicators of within-lake processes (i.e. CaO, indicative of authigenic calcite 
precipitation). Bottom panel shows eigenvector loadings associated with PC1for key elements. Major 
elemental data was transformed from % oxide to ppm before analysis.   
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Figure 6: a) Strong covariance between δ18O and δ13C (‰ relative to VPDB) is indicative of authigenic 
carbonates forming under closed basin conditions, where the lake primarily loses water to evaporation 
(Leng and Marshall, 2004). Regression line and variance explained (R2) shown on graph. b) Changes in 
δ18O most likely reflect lake level changes resulting from changes in the ratio of evaporation to 
precipitation (E/P) (Leng and Marshall, 2004). Enrichment of δ13C may reflect changes in the degree of 
equilibration between lake total dissolved inorganic carbon (TDIC) and atmospheric CO2, or, more likely, 
increases in lake productivity that enrich the TDIC pool in 13C (Leng and Marshall, 2004).  
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Figure 7: Stratigraphic diagram of the Aljojuca composite core, showing laminated and homogeneous 
sections, location of tephra layers and dated levels (ranges are 2-σ calibrated age ranges), and a sample 
image of sediment laminations. See Fig 3 for table of radiocarbon dates.  
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Figure 8: a) Cultural chronology at Cantona. Numerals designate phases of occupation while gray bars 
show other major events in relation to multi-proxy paleoenvironmental evidence. Heavy black lines 
represent a 4-point moving average filter. b) mass % Al2O3, indicative of rain-induced slopewash; c) 
δ18O, representative of E/P ratios; d) high-spine Asteraceae pollen, which may be an indicator of 
anthropogenic landscape disturbance; and e) maize pollen presence, with blue bars indicating presence 
of maize pollen at a particular level. See text for more details. Gray bar highlights multi-proxy 
evidence of an extended dry period. Top axis notes age in calendar years AD/BC, with 2-σ range of 
calibrated radiocarbon dates within the sequence in red.  
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Figure 9: Comparison between Aljojuca authigenic calcite δ18O record with a 4-point moving average 
(a), and regional paleoclimate records: b) Lake Chichancanab sediment density record (3); c) Punta 
Laguna ostracod oxygen isotope record (5), smoothed with a 5-point moving average as in the original 
text; and d) the Juxtlahuaca  precipitation record, reconstructed from the δ18O of speleothem calcite 
(Lachniet et al., 2012).All data downloaded from NOAA/NCDC Paleoclimatology database. Vertical 
axes are flipped so that ‘down’ indicates drier conditions. See text for discussion. 
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Chapter Three 
 
Late Holocene anthropogenic and climatic influences on the regional vegetation of 
Mexico’s Cuenca Oriental 
 

Abstract 

Scholars continue to debate the relative magnitude of pre- and post-Conquest 
anthropogenic landscape transformation in many regions of Mesoamerica. These debates 
have important implications for our understanding of the role of anthropogenic practices 
in the development, or at times degradation, of regional environments. Paleoecological 
records that provide long-term perspectives on climate change and human land-use 
patterns are critical to addressing these uncertainties. However, many regions of Mexico 
including the Cuenca Oriental, a semi-arid basin in the rain shadow of the Sierra Madre 
Oriental, remain poorly studied. We present a new paleoecological record from sediment 
cores recovered from Lake Aljojuca, located in the southern part of the basin. Stable 
isotope analyses of authigenic carbonates provide an independent record of past climate, 
while pollen and microscopic charcoal provide insights into past vegetation and fire 
history. The Aljojuca record is one of the only well-dated multi-proxy paleolimnological 
records from the Cuenca Oriental, and is one of few charcoal studies from highland 
Mexico. Zea mays pollen and increased fire activity at 2,700 calendar years before 
present (cal yr BP) suggest Formative period human settlement around the lake. Between 
1,700 and 800 cal yr BP, a drying climate combined with human uses of fire likely 
resulted in increases in the extent of xeric scrub vegetation. The Aljojuca record also 
documents important landscape changes during the historic period (~430 cal yr BP – 
present) likely related to the introduction of invasive species and agricultural 
intensification. The Aljojuca record provides a unique perspective on human-
environment relationships and highlights differences between landscape transformations 
in the pre- and post-Conquest periods.   
 
Introduction 

 
Researchers have long debated the magnitude of human landscape transformation 

in the Americas prior to European arrival. This debate has important implications for our 
understanding of the evolution of environments in the Neotropics, modern landscape 
management practices, and historic carbon cycle dynamics (Butzer and Butzer, 1997; 
Lentz, 2000; Dull et al., 2010). Studies from lowland tropical regions of Mesoamerica 
have made strides in providing evidence of past human landscape management (Goman 
et al., 2010; Wahl et al., 2013; Walsh et al., 2014). In highland Mexico, paleoecological 
research has also clarified patterns of past human settlement in the western highlands and 
the Basin of Mexico (Arnauld et al., 1997; Almeida-Lenero et al., 2005; Metcalfe and 
Davies, 2007; Metcalfe et al., 2007; Figueroa-Rangel et al., 2008; Figueroa-Rangel et al., 
2010; Metcalfe et al., 2010; Park et al., 2010; Vasquez et al., 2010). However, significant 
uncertainties still exist about the nature of anthropogenic landscape transformation in 
many regions of highland Mexico.  
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 One important area of debate focuses on the environmental impact of pre-
Columbian versus historic land use. Evidence from the central highlands of Mexico 
shows pulses of erosion in response to both pre- and post-Conquest period land-use 
(Heine et al., 2003; Davies et al., 2004). Some researchers argue that the historic period 
resulted in unprecedented landscape change and degradation (Simpson, 1952; Fernandez, 
1985; O’Hara et al., 1993; Fisher, 2005; Elliott et al., 2010), while others suggest much 
more modest landscape changes following Spanish Conquest (Butzer and Butzer, 1997). 
Historic period landscape changes may have largely resulted from post-Conquest 
demographic changes and the abandonment of traditional pre-Conquest agricultural 
systems (Butzer and Butzer, 1995; McClung de Tapia, 2000). Resolving these debates 
requires detailed knowledge of the chronology and magnitude of both pre- and post- 
Conquest land use.  
 The eastern sector of highland Mexico offers a particularly important setting in 
which to address questions about the character of long-term anthropogenic landscape 
transformation. While some geomorphological and paleolimnological research has shed 
light on vegetation and erosion in this area, few of these records are precisely dated 
(Straka and Ohngemach, 1989; Caballero et al., 2003; Heine et al., 2003). The area 
known as the Cuenca Oriental is located in the rain shadow of the Sierra Madre Oriental 
(Gasca-Duran, 1981)(Figure 1). This dry, semi-arid zone is marginal for corn agriculture 
even today, and drought often results in agricultural losses (Liverman, 1990; Heisey and 
Edmeades, 1999). Archaeological surveys, however, have revealed villages and large 
cities that suggest dense pre-Columbian settlement (García-Cook, 1976; García-Cook and 
Merino Carrion, 1998).  

In order to better understand late Holocene environmental change in the Cuenca 
Oriental, we developed a paleolimnological record from Aljojuca, a volcanic explosion 
crater, or maar, lake located 20 km west of the volcano Orizaba (Gasca-Duran, 1981) 
(Figure 1). Our study represents the first sub-centennially resolved record from the 
Cuenca Oriental, and uses a multi-proxy approach to reconstruct the environments of the 
last 4,000 years. This approach is especially valuable because it helps distinguish 
between climate-induced and human-induced landscape changes, which are often 
difficult to disentangle (Metcalfe and Davies, 2007). Proxies used in paleolimnological 
research can be influenced both by climate and anthropogenic factors (Conserva and 
Byrne, 2002; Figueroa-Rangel et al., 2008; Figueroa-Rangel et al., 2010; Park et al., 
2010). For instance, pulses of erosion detected in lake sediments can result from both 
agriculture and climatic activity (Park et al., 2010). In contrast to previous work, this 
study uses independent proxies that are generally insensitive to anthropogenic influence 
(i.e. oxygen isotopes) to glean independent evidence of climate change, while charcoal 
and pollen data provide records of fire activity and vegetation changes. We ask two main 
research questions. First, what does the Aljojuca record reveal about the character and 
timing of anthropogenic alteration of the landscape in both pre-historic and the historic 
period? Secondly, can we distinguish between anthropogenic and climatic influences on 
the landscape during these two time periods? We also discuss the uncertainty resulting 
from depositional effects on interpretations of pollen and charcoal data from lake 
sediments.  
Regional Setting and Background 
 



! ! ! !
!

59!

Physical Setting 
Lago Aljojuca (19° N, 97.5° W, 2376 meters above sea level (masl)) is located in 

the southern part of the Cuenca Oriental, or Oriental Basin. The Cuenca Oriental is a 
semi-arid basin located in the rain shadow of the Sierra Madre Oriental, in the eastern 
Trans-Mexican Volcanic Belt (TMVB) (Fig. 1). The basin is located in the modern 
Mexican states of Puebla, Tlaxcala, and Veracruz. Aljojuca is approximately 30 km west 
of the andesitic composite volcano Orizaba, which reaches a height of 5,636 masl and is 
Mexico’s tallest peak (Robin and Cantagrel, 1982). Aljojuca is one of several maars, or 
explosion craters, that formed during the Pleistocene as a result of phreatomagmatic 
explosions (Gasca-Duran, 1981). The 30-m deep lake is surrounded by steep walls of 
basaltic and andesitic volcanic tuffs. A small arroyo, which contains running water only 
during the summer rainy season, creates a small delta on the eastern side of the lake.  
Modern Climate 

The Cuenca Oriental, along with much of central Mexico, has a monsoonal 
climate and receives the majority of its annual rainfall in the boreal summer, although 
winter storms provide a small component of total annual rainfall (Douglas et al., 1993). 
Modern climatological data near Aljojuca reveal that temperature ranges between 6 and 
18°C, while total mean annual precipitation is approximately 800 mm (Bhattacharya et 
al., 2015). The summertime distribution of convective activity is bimodal, and features 
the canícula, or midsummer drought, in July and August (Peralta-Hernández et al., 2008). 
Interannual variability is strongly correlated with the El Niño-Southern Oscillation and 
the Atlantic Multidecadal Oscillation, although more research is necessary to clarify the 
causes of multi-decadal to centennial-scale changes in rainfall in this region (Méndez and 
Magaña, 2009).  
Vegetation and Fire Regimes 

The vegetation of the Cuenca Oriental has been heavily modified by historic land 
use, and the area around Aljojuca has largely been converted into agricultural fields. 
Remnant stands suggest that the area surrounding Aljojuca was once covered with open 
pine-oak woodland with other tree species like juniper (Juniperus deppeana), wild cherry 
(Prunus serotina), and wild sapote (Casimiroa edulis) prior to agricultural expansion 
during the historic period (Fernandez, 1985; personal observation, 2013).  

The vegetation of the Cuenca Oriental is largely influenced by elevation, which 
creates natural gradients of temperature and moisture availability (Figure 1). Near 
Aljojuca, at elevations of approximately 2,400 masl, vegetation primarily consists of 
pine-oak woodland, while drier areas at this same elevation feature xeric scrub vegetation 
that includes oak (Quercus microphylla) and shrubby taxa like beargrass (Nolina 
parvifolia) and yucca (Yucca spp.) (Klink, 1973; Fernandez, 1985) (Figure 1). The 
dominant oak species near Aljojuca are Q. crassipes, Q. crassifolia, Q. rugosa, Q. 
microphylla, and Q. deserticola (Fernandez Montes, 2009). At the elevation of the lake, 
the prevalent species of pine is Pinus pseudostrobus var. apulcensis (Fernandez, 1985; 
Klink, 1973). Juniper (Juniperus deppeana) and yucca (Yucca spp.) are often found 
bordering agricultural fields and near the bases of hills (Fernandez, 1985). Dry regions of 
the Cuenca Oriental and the Tehuacan Valley to the south, at elevations slightly below 
Aljojuca (~1,500 and 1,900 masl), support deciduous forest often containing by Bursera 
spp. (Rzedowski, 1978). Higher elevations between 2,700 and 3,000 masl, notably the 
slopes of Orizaba, are generally covered with pine-oak forest containing P. leiophylla, P. 
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pseudostrobus, P. tecote, P. montezumae, and Quercus laurina (Fernandez 1985; 
Fernandez Montes 2009). At elevations exceeding 3,000 masl, the dominant tree is P. 
hartwegii, which grows in monospecific stands with an understory of bunchgrasses 
including Festuca, Calamagrostis, and Muhlenbergia spp. (Rzedowski, 1978; Lauer and 
Klaus, 1978; Klink, 1973) (Figure 1). These give way to alpine grasslands at higher 
elevations (Rzedowski, 1978; Pfeifer, 1966). The presence of pine (P. patula) and fir 
(Abies religiosa) in moist areas at high elevations may partially result from the moisture 
supplied by convective clouds that form on mountain slopes (Lauer and Klaus, 1978). 
High elevations may also feature stands of fir (A. religiosa) and alder (Alnus acuminata) 
along stream courses (Klink, 1973; Conserva and Byrne, 2002).  

In addition to elevational gradients, edaphic conditions influence the distribution 
of plant taxa in the Cuenca Oriental. Areas of the northern Cuenca Oriental with 
calcareous substrates feature distinctive vegetation. Dry calcareous hills between 2,100 
and 2,600 masl support xerophytic taxa including agave (Agave obscura), beargrass 
(Nolina parvifolia), and yucca (Yucca spp.) (Fernandez, 1985). In some areas, xerophytic 
taxa may be accompanied by Quercus microphylla and Pinus cembroides, or may include 
additional xerophytic shrubs like hechtia (Hechtia roseana) and sotol (Dasylirion 
acrotriche) (Fernandez, 1985). In lower areas, poorly drained, alkali clay soils can give 
rise to environments with high salinity, favoring taxa tolerant of high salt levels, 
including the grasses Distichlis spicata and Bouteloua hirsuta (Fernandez, 1985).  
 Existing research reveals that vegetation in eastern Mexico may be strongly 
adapted to periodic fire. Two of the pine taxa found near Aljojuca, P. hartweggii and P. 
pseudostrobus, have thick, fire-resistant bark, and typically occur in settings with 
frequent, low-intensity fires (Rodríguez-Trejo and Fulé, 2003). While fires tend to 
temporarily remove understory vegetation in woodland ecosystems, several oak species 
occurring near Aljojuca, including Q. deserticola, propagate by resprouting and tend to 
be more common in fire-prone ecosystems (Rodríguez-Trejo and Myers, 2010; 
Rodríguez-Trejo, 2008). Other oak species like Q. crassifolia and Q. crassipes are fire 
resistant and persist in the understory of pine-oak forests in the presence of more frequent 
fires (Rodríguez-Trejo and Myers, 2010). Studies of chaparral vegetation in the Tehuacan 
Valley, immediately south of the Cuenca Oriental, suggest that many taxa are fire 
adapted, despite low concentrations of charcoal in the modern soils indicating a paucity 
of modern fires (Lloret et al., 1999).   

In contemporary central Mexico, the sources of fire are largely anthropogenic. 
Agricultural land use accounts for 50% of recorded fires, with only 5% of fires resulting 
from lightning strikes, and the remaining 45% resulting from recreational uses, burning 
of garbage or unknown sources (SEMARNAT, 2002). Natural fires, however, may occur 
as a result of dry thunderstorms occurring early in the summer rainy season (Lauer and 
Klaus, 1978). In other regions, climatic variations are known to play an important, 
indirect role in altering the frequency and severity of fire by changing the flammability of 
fuel or modifying fuel loads (Westerling et al., 2003; Pausas and Paula, 2012). It is 
possible that climate has a similar, indirect influence on fire activity in eastern Mexico, 
despite a paucity of natural ignition sources.  
Settlement History 

Until recently, little archaeological research had been conducted in the immediate 
area surrounding Aljojuca. Early 20th century excavations of mounds, known locally as 
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teteles, suggest that the region around the lake was an agricultural area in pre-Columbian 
times (Linné, 2003). However, these studies predate radiocarbon dating, and many of 
these features have been lost as a result of recent agricultural land transformation.  

Evidence for Formative, or pre-Classic period (~4,000 – 1,750 cal yr BP), 
settlement in the Cuenca Oriental is sparse. There is, however, evidence of settlement in 
adjacent regions. Earliest settlement at Xochitelnango, a site immediately east of the 
Cuenca Oriental, dates to 2,900 cal yr BP (Castanzo and Sheehy, 2004). This site was in a 
region later known as the Tepeac domain, located between the Basin of Puebla and the 
Cuenca Oriental. In addition, Cuenca Oriental is near the region where maize is 
hypothesized to have been first domesticated, the Rio Balsas drainage (Matsuoka et al., 
2002;!Piperno et al., 2009). Evidence of maize agriculture in Tehuacan Valley to the 
south of the Cuenca Oriental has been documented as early as 5,490 cal yr BP, and in 
Tamaulipas in northeastern Mexico by 4,000 cal yr BP (Smith, 2005) (Figure 1). This 
indicates the widespread diffusion of maize agriculture across eastern Mexico, including 
the Cuenca Oriental, by the early Formative period. To the south of the Cuenca Oriental 
in the Tehuacan Valley (Figure 1), evidence of reservoir building at the Purron Dam 
dates to between 2,650 and 1,700 cal yr BP (Spencer, 2000). However, there is no 
evidence of pre-Conquest water management practices in the Cuenca Oriental itself 
(Acuña, 1984). Annual rainfall in the Cuenca Oriental and much of eastern Mexico is 
marginal for corn agriculture today, suggesting that past agriculture might have been 
significantly limited by rainfall fluctuations (Heisey and Edmeades, 1999). Armillas 
(1969) even argued that aridity played an important role in setting the boundary between 
agricultural societies in southern Mexico and more nomadic societies in the deserts of 
northern Mexico in pre-Columbian times.  

During the Classic period (~1,750 - 900 cal yr BP), the eastern TMVB was a site 
of significant pre-Columbian settlement. García-Cook (1976) documented evidence of 
widespread pre-Columbian settlement across the Cuenca Oriental and adjacent areas. 
However, the Classic period was a time of population decline and stagnation in the 
Tepeac region (Anderson et al., 2009). Central Mexico contained several influential 
urban centers during the Classic period. Cholula, a major pre-Columbian site to the west 
of the Cuenca Oriental, reached its maximum size between 1,250 and 700 cal yr BP 
(Evans, 2008) (Figure 1). The city of Teotihuacan, which exerted a major cultural 
influence across much of Mesoamerica, is located in the Valley of Mexico, to the 
northwest of the Cuenca Oriental (Figure 1). The city declined at approximately 1,400 cal 
yr BP, possibly as a result of internal revolt (Beramendi-Orosco et al., 2008). Pottery 
shards stylistically linked to Cholula and Teotihuacan have been found near Aljojuca 
(Linné, 2003). Another important site is Cantona, 30 km north of Aljojuca, which rose to 
prominence in the late Classic period (i.e. approximately between 1,250 and 950 cal yr 
BP) (García-Cook and Martinez Calleja, 2012) (Figure 1). Archaeologists working at 
Cantona have suggested that the site obtained agricultural resources from the regions 
adjacent to Aljojuca, although others have argued that they came instead from the Gulf 
Coast (Evans, 2008; García-Cook and Martinez Calleja, 2012). The site was occupied 
between 1,550 and 1,000 cal yr BP, and at 1250 cal yr BP had a population of 
approximately 90,000 (García-Cook and Merino Carrion, 1998; García-Cook and 
Martinez Calleja, 2012). Recent research suggests that environmental stress, in the form 
of volcanic explosions and climatic change, may have played a role in the cultural history 
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of many of these urban centers (Seibe et al., 1996; Plunket and Uruñuela, 2006; 
Bhattacharya et al., 2015).  

During the Post-Classic period (900-429 cal yr BP) periods, the area surrounding 
Aljojuca was controlled by new regional powers. The Cuenca Oriental was settled by 
groups like the Olmec-Xicalanca migrating from the east and south, and later by a group 
that came to be known as the Toltec-Chichimeca, arriving from the northwest (Evans, 
2008). The main population and political center of the Chichimec was between the Basin 
of Puebla and the Cuenca Oriental in the region known as Tepeaca, and was founded 
approximately 683 cal yr BP (Acuña, 1984). Aljojuca is located to the northeast of the 
Tepeac domain. The Mexica, a powerful indigenous group from the Basin of Mexico, is 
known to have conquered the Tepeyac region by 484 cal yr BP, and established a 
tributary state (Acuña, 1984; Gerhard et al., 1986). Post-Conquest written records suggest 
that Aljojuca was likely a tributary settlement of Quecholac, one of the three largest 
settlements in the Tepeac domain (Acuña, 1984). Little is known about specific pre-
Columbian land use practices in this region. Early colonial reports refer to indigenous 
agricultural practices that involved small agricultural plots left fallow during the dry 
season (Simpson, 1952). While burning practices are not explicitly referenced, modern 
ethnographic research in central and western Mexico suggests that indigenous people 
actively used fire to clear plots for agriculture (Casas et al., 1996; Rodríguez-Trejo et al., 
2011).  

Spanish conquest resulted in major changes in population density and land use in 
the Cuenca Oriental. Cortes’ party crossed the northern edges of the Cuenca Oriental 
during his first entry into Tenochtitlan (Prescott, 2000). In the first decade after conquest, 
population decreased dramatically in this region as a result of disease and other factors 
(Pfeifer, 1966; Gerhard et al., 1986). After the Conquest, the introduction of crops like 
wheat, and livestock, especially sheep, altered land management practices (Simpson, 
1952; Acuña, 1984; Butzer and Butzer, 1995). The Spanish introduced the encomienda 
system, which in part retained indigenous practices of paying a portion of agricultural 
produce as tribute to local rulers (Martínez, 1984). In modern times, irrigation has lead to 
an expansion of agriculture in the Cuenca Oriental, although small subsistence plots 
appear to be the main form of land use immediately around Aljojuca (personal 
observation, 2013).  
 
3. Materials and Methods 
 
Core Recovery and Chronology 

In March 2007, a joint team from the Universidad Nacional Autónoma de México 
(UNAM) and the German Research Centre for the Geosciences (GFZ) recovered three 
sediment cores from Aljojuca. The cores were 12 m, 6 m, and 8 m long and were 
recovered using a Usinger hydraulic piston corer. We developed one composite core from 
these three separate cores using magnetic susceptibility, high-resolution photographs, and 
tephra layers. The cores are largely laminated, with occasional turbidites or homogenous 
sections, and occasional tephra layers (Figure 2). Two tephra layers, at 353 and 551 cm 
respectively, contained organic wood fragments, from which we obtained radiocarbon 
dates.  
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 We developed a core chronology via accelerator mass spectrometer (AMS) 
radiocarbon dating of wood, twig, and bud fragments at the Lawrence Livermore 
National Laboratory’s Center for Accelerator Mass Spectrometry (LLNL CAMS). For 
the basal date, we extracted pollen from sediments using acid treatment to remove 
mineral sediments. We sent this samples to a flow cytometry facility at Indiana 
University, which can sort out cells with specific morphologies from a bulk sample, to 
isolate pine pollen grains (Ormerod. 2000; Mensing and Southon, 1999). In total, we 
obtained 15 radiocarbon dates, although some dates are replicates from the same core 
depth (Table 1) (Figure 3).  

We explicitly quantified the age uncertainty associated with our age model by 
using BACON, a Bayesian age modeling program (Blaauw and Christen, 2011).  
Bayesian age modeling assumes a prior distribution for key parameters used in age 
modeling, like the sedimentation rate, and uses Markov-Chain Monte Carlo simulations 
to explicitly model the sediment accumulation history. This allows for the quantification 
of uncertainty in sediment accumulation rates and the ages associated with each depth in 
the core. Bayesian methods are also better able to handle scatter across the radiocarbon 
dates from a core when constructing an age model than traditional regression methods 
(Blaauw and Christen, 2011).  
Oxygen Isotopes 

We used stable isotopes of authigenic carbonates to develop an independent proxy 
of climatic variations. In closed-basin lakes, changes in the ratio of 18O to 16O, expressed 
as ∂18O reflects changes in the ratio of precipitation to evaporation. H2

16O tends to 
evaporate more quickly than H2

18O, while the higher 16O content of atmospheric vapor 
means that 16O is preferentially returned to the lake in precipitation (Criss et al., 1999). A 
higher value of ∂18O indicates a lower ratio of precipitation to evaporation, and a more 
arid climate (Leng and Marshall, 2002). Because ∂18O directly records the isotopic 
composition of lake water, to our knowledge this proxy is not influenced by 
anthropogenic landscape changes, like erosion. Rosenmeier et al. (2002) showed that in 
lowland tropical settings, anthropogenic deforestation changes on vapor recycling and 
soil moisture storage and alters lacustrine isotopic ratios. However, this effect is unlikely 
to be important in semi-arid ecosystems with sparser vegetation cover than tropical 
forests.  

We measured stable isotopes of oxygen and carbon on bulk sediment samples, 
which contain thin laminations of authigenic calcite. To ensure we were only measuring 
the isotopic signature of authigenic calcite, we visually inspected samples to verify the 
absence of shells or large grains of calcite. Isotope ratios are reported in δ notation in ‰ 
relative to Vienna Pee Dee Belemnite (VPDB). Samples were dried at 50˚C for 24 hours, 
dissolved in phosphoric acid, and the evolved CO2 gas was measured on an Isoprime 
Micromass mass spectrometer in the Department of Earth and Planetary Sciences at U.C. 
Berkeley. Analytical precision is reported relative to the internal laboratory standard 
derived from limestone, NBS-19 (n=12), and was ± 0.037‰ for δ18O and ± 0.027‰ for 
δ13C. Samples are spaced by approximately 20 years. More details on isotope 
measurement methods are available in Bhattacharya et al. (2015).  
Pollen Analysis 
       We processed a total of 80 samples of a standard size (1.25 cm3) to extract pollen and 
microscopic charcoal. We used standard palynological methods, with the additional step 
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of heavy liquid (lithium metatungstate) separation of clay and silt particles from organic 
matter (Faegri and Iversen, 1989). For our pollen preparations for radiocarbon dating, we 
refrained from using wooden stir sticks, and acetolysis was omitted to avoid introducing 
dead carbon into our samples. We added a known number of Lycopodium clavatum 
spores to each sample to calculate pollen concentrations and accumulation rates (PAR), 
and counted 300 grains per sample at 400x magnification, analyzing a total of 80 
samples.  

To ensure that our counts were sufficient to sample the diversity present in pollen 
spectra, we constructed ‘sampling effort’ curves for a random selection of pollen levels. 
While counting each slide, we kept track of the total pollen grains counted, and what the 
count total was each time a new, previously unrecorded, pollen type was seen on the 
slide. We constructed these curves by counting 10 slides to a total of 500 grains. These 
curves are analogous to rarefaction analysis in ecology, which is used to assess the 
adequacy of sampling in biodiverse ecosystems (Gotelli and Colwell, 2001). If no 
additional new pollen taxa are added as additional pollen grains are counted, we can 
reasonably conclude that we have adequately sampled the pollen diversity on a given 
slide.  Our results suggested that 300 grain counts were enough to adequately sample the 
diversity in pollen types, and that the representation of major taxa did not change 
significantly when we increased counts to 500 grains per level (not shown). We used the 
University of California Museum of Paleontology pollen reference collection as well as 
published pollen keys to identify pollen grains (Kapp et al., 2000; Lozano García, 1979). 
Pollen counts included 108 distinct pollen taxa in our counts, but only taxa present at 
greater than 1% in two pollen levels are included in our results. We use the term ‘ERA 
group’ to refer to tricolporate, reticulate pollen grains that cannot easily be distinguished. 
The term comes from an abbreviation for the families Euphorbiaceae, Anacardiaceae, and 
Rutaceae, which contain many taxa featuring this pollen grain morphology (Horn et al., 
1998).  

To assess evidence of agriculture, we scanned three additional slides from each 
level at a magnification of 100x to look for maize pollen. We suggest that monoporate 
pollen grains with long axis ≥ 90 µm and pore annulus ≥12 µm, represent cultivated 
maize (Zea mays subsp. mays). We also used Nomarski interference contrast microscopy 
to eliminate the possibility that these grains represent the grass Tripsacum (Whitehead 
and Langham, 1965). Holst et al., (2007) suggest that it may be difficult to 
unambiguously identify maize pollen, especially in highland Mexico where the wild 
progenitor of maize is indigenous. Analyses of modern pollen from cultivated maize and 
wild teosinte have found significant morphological overlap between these pollen types 
(Holst et al., 2007). Because of this overlap, it is possible that the maize pollen grains we 
identify could represent wild teosinte, which is native to the region. However, we chose a 
relatively conservative size threshold for maize (≥ 90 µm and pore annulus ≥12 µm) in 
order to reduce this possibility (Whitehead and Langham, 1965).  While we acknowledge 
inherent uncertainty in our maize pollen identifications, the use of a conservative size 
threshold means that it is likely that pollen meeting these criteria represent domesticated 
maize. As a result, we refer to these as domesticated maize through the rest of our study.  

We also scanned core levels coinciding with the historic period, dating to after 
429 cal yr BP, for the invasive herb Erodium circutarium. This taxon was probably 
introduced at the same time as the introduction of sheep to central Mexico, although it 
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subsequently spread in advance of the mission system into Baja California (Mensing and 
Byrne, 1998; Villaseñor and Espinosa-Garcia, 2004). The oblate, tricolporate pollen type 
features a distinctive striate-reticulate surface sculpturing that is visible at low 
magnifications (Mensing and Byrne, 1998). This invasive species serves as an important 
marker indicating the beginning of the historic period. We used the same slides prepared 
for maize pollen scans to scan for E. circutarium. All of the raw pollen counts are 
available in Bhattacharya et al. (2015).  
Charcoal Analysis 

Both macroscopic and microscopic charcoal are used as proxies of past fire 
activity (Whitlock and Larsen, 2001). Our analyses focused on microscopic charcoal, 
which may be transported long distances and provides a regionally integrated signal of 
fire (Scott and Damblon, 2010). This proxy likely reflects changes in prehistoric fire in 
the broader Cuenca Oriental, providing a signal that we could compare to the existing 
regional archaeological record (Scott and Damblon, 2010). In contrast, macroscopic 
charcoal may primarily reflect local fire immediately around Aljojuca (Whitlock and 
Larsen, 2001; Scott and Damblon, 2010). Because we were limited by sample material 
availability given the multi-institutional scope of this project, we were unable to secure 
sufficient sample volumes from the Aljojuca cores to analyze macroscopic charcoal.  

We used high-resolution images and image processing techniques developed in 
the Quaternary Paleoecology Laboratory at U.C. Berkeley to analyze microscopic 
charcoal concentrations in pollen residues. A related system was used by Horn et al. 
(1992) to analyze charcoal concentrations at Lago Catemaco in Veracruz. The system 
utilized here has been shown to produce reliable counts of charcoal particles on 
microscope slides in previous studies (Cowart and Byrne, 2013). The system produces 
high-resolution imagery, with 1 pixel representing a distance of 6.35 µm. Charcoal 
particles are identified based on a certain gray-scale threshold and the angularity of 
particles. An automated system provides a method to quickly scan several slides, and 
reduces the influence of observer bias on the charcoal data. We scanned 65 levels 
previously analyzed for pollen, and divided charcoal particles into four size classes of 
100-499 µm2, 500-999 µm2, 1,000-1,999 µm2, and pieces larger than 2,000 µm2. Size 
classes were the same as those used by Horn et al. (1992), and were chosen in order to 
best capture the range of sizes of the particles we observed and to account for the fact that 
smaller size fractions tend to contain more particles. Different size classes showed similar 
trends, so we display the accumulation rates of a total of all charcoal particles greater 
than 100 µm2 in area. We calculated charcoal concentrations and charcoal accumulation 
rates (abbreviated CHAR), by quantifying the number of exotic Lycopodium clavatum 
spores on a slide, and by dividing by the number of years represented by each sample.  

Charcoal peaks in sediment cores may result from fire, but may also result from 
taphonomic effects (i.e. erosional transport of charcoal residing in surface soils into the 
lake basin). To avoid this problem, we calculated the ratio between charcoal 
accumulation rates and pollen accumulation rates at each level in the core. Cowart and 
Byrne (2013) used this technique to explore the importance of various depositional 
processes on pollen and charcoal accumulation signals in sediment cores. For example, if 
charcoal and pollen accumulation rates maintain a constant ratio, it suggests that 
taphonomic effects are important, and both are being deposited via the same depositional 
processes. This is because the mechanism that produces charcoal (i.e. fire) does not 
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produce pollen, and increased fire activity should register as increased charcoal 
accumulation rates without necessarily changing pollen accumulation rates (Cowart and 
Byrne, 2013). We present our charcoal results both as the raw charcoal accumulation 
rates and as the ratio of charcoal to pollen accumulation rate in Figure 4. Contrasting 
these two time series provides insight into the influence of taphonomic processes. Raw 
charcoal data will be made available through submission to the NOAA Paleoclimatology 
database upon publication.  
Data Analysis 

A moving average filter was applied to all proxy data in order to emphasize 
centennial-scale variability, and to make long-term trends in data clearly visible 
(Shumway and Stoffer, 2011). Both the unsmoothed data and filtered data are shown in 
the proxy diagrams (Figures 4 and 5). We divided our data into zones by visually 
inspecting the data to identify major transitions that are robustly visible across multiple 
proxies.   
 
4. Results 
 
Chronology 

The 14 radiocarbon dates used to construct the Aljojuca age model feature low 
measurement error, which is consistently less than ±35 14C years (Table 1). However, 
some of the radiocarbon dates probably represent reworked or pre-aged material. The 
date at 815 cm is much older than surrounding dates and represents reworked charcoal 
(Table 1). We also note a small age reversal between dates at 551 and 612 cm: the sample 
at 551 cm calibrates to 2,132-2,315 cal yr BP, which overlaps with but is slightly older 
than the date at 612 cm, which calibrates to 1,901-2,108 cal yr BP (Table 1). The 551 cm 
date may represent reworked material, or the burnt inner rings of a tree that are older than 
younger wood from the same tree. This latter possibility is supported by replicate dates 
obtained from a depth of 383 cm. Two samples of twig and leaf material from 383 cm 
calibrate to age ranges of 983-1,225 and 985-1,179 cal yr BP, younger than a charcoal 
date from the same depth, which calibrates to 1,080-1,274 cal yr BP (Table 1). These 
results suggest that a certain level of scatter in radiocarbon dates exists simply as a result 
of depositional effects and the type of material being dated. However, because Bayesian 
age modeling is able to accommodate a certain level of scatter in radiocarbon dates, we 
included all dates except the date at 815 cm in the final age model (Blaauw and Christen, 
2011).  
 The Bayesian age model developed using BACON shows that the Aljojuca core 
spans the last 6,200 cal yr BP, and features a mean sedimentation rate of 3.5 mm/yr 
(Figure 3). Major changes in the sedimentation rate occur at three points in the core: the 
sedimentation rate increases from a mean rate of 1.2 mm/yr to 5.5 mm/yr at 
approximately 750 cm, decreases to 1.7 mm/yr between 550 and 301 cm, and increases 
increases dramatically to 6.2 mm/yr between 301 cm and the top of the core.  
Core Lithology 

The Aljojuca core is dominated by finely alternating light and dark laminations 
(Figure 2). Qualitative X-ray diffraction suggests that the core lithology is dominated by 
plagioclase, quartz, secondary clay minerals, and calcite. We suggest that the dark 
laminations consist of terrigenous materials that are a mix of plagioclase, quartz, and 
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secondary clays eroding from the steep walls surrounding the lake. In contrast, the light-
colored laminations likely represent authigenic calcite that precipitates within the lake. 
There are several core sections that feature homogenous clays with few laminations 
(Figure 2). The longer homogenous sections occur at depths of 0-50 cm, 320-420 cm, and 
750 and 810 cm (Figure 2). The core also contains four tephra layers at 353, 551, 880, 
and 1,041 cm (Figure 2). 
Changes in Climate, Fire Regimes, and Vegetation 

The Aljojuca core documents major changes in climate, fire, and vegetation in the 
late Holocene. Figures 4 and 5 display the major changes in the pollen and microscopic 
charcoal data, focusing on the last 4,000 cal yr BP. Note that the ratio of charcoal to 
pollen accumulation rates is plotted on a logarithmic axis (Figure 4).  
Zone V (4,000-2700 cal yr BP; 2,050 -750 BCE; 938-805 cm) 
  There is a slight trend towards more negative ∂18O values, which decrease from -
6.3‰ to -7.23‰ in this zone (Figure 4). This zone is also characterized by low pollen 
accumulation rates that are generally less than 20,000 grains/cm2/year. Pollen percentages 
show little change in this zone: Pinus pollen increases from 40 to 50%, while Quercus 
pollen remains at approximately 5% of the total pollen assemblage (Figure 4). Poaceae 
pollen decreases from 15 to 10% towards the end of this zone (Figure 5). This zone also 
features low charcoal accumulation rates that are consistently less than 3000 
particles/cm2/year (Figure 4). The ratio of charcoal to pollen accumulation rates 
maintains a constant value of approximately 0.1 (Figure 4).  
Zone IV (2,700 – 1,700 cal yr BP; 750 BCE – 250 CE; 805-465 cm) 
 Zone IV begins with depleted ∂18O, averaging -7.23 ‰, although these values 
increase towards the end of the zone, ending with an average value of -5.2 ‰ VPDB at 
approximately 1,700 cal yr BP In comparison to Zone V, this zone features increased 
pollen concentrations and charcoal accumulation rates, with average values of 30,402 
grains/cm2 per year and 11,337 particles/cm2 per year respectively. In addition, the 
charcoal to pollen accumulation rate increases from 0.1 to 1.  

This zone is characterized by fluctuations in Pinus and Quercus pollen. Between 
2700 and 1900 cal yr BP, Pinus increases from 40% to 60%, and Quercus increases from 
approximately 7% to 10% (Figure 4). Between 2200 and 1700 cal yr BP, Poaceae, 
Amaranthaceae, high-spine Asteraceae, and low-spine Asteraceae also show an increase 
(Figure 5).  Maize pollen is present at approximately 2,400 cal yr BP (Figure 4).  
Zone III (1,700 – 800 cal yr BP; 250 – 1150 CE; 466-342 cm) 

This zone features strongly enriched ∂18O values, averaging -2.31‰ through the 
entire section (Figure 4). Charcoal accumulation rates average 45,507 particles/cm2/year 
(Figure 4). Pollen accumulation rates increase in this zone to an average 88,589 
grains/cm2/year. The charcoal to pollen ratio also increases at the beginning of this zone, 
with values between 1600 and 1400 cal yr BP that reach 1000, meaning that 
approximately 1000 charcoal particles are deposited for every pollen grain deposited per 
cm2 per year  (Figure 4).  

Changes in pollen percentages through this section show a complex pattern. Pinus 
stays relatively stable, while Quercus increases to approximately 15% at approximately 
1000 cal yr BP (Figure 4). Both Juniperus-type and Alnus pollen maintain relatively 
constant percentages averaging 1.4% and 1.6% respectively (Figure 4). High-spine and 
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low-spine Asteraceae, as well as Poaceae pollen decline at approximately 1,100 cal yr BP 
(Figure 5). Three maize pollen grains are present at 1,280 cal yr BP (Figure 4). 
Zone II (800 – 429 cal yr BP; 1150 -1550 CE; 342-302 cm) 

At the beginning of this zone, ∂18O values show a dramatic shift to values of 
approximately -8‰ (Figure 4). Pinus percentages decline from 80 to 50%, while Quercus 
remain relatively stable (Figure 4). Poaceae, high-spine Asteraceae, and Amaranthaceae 
percentages remain constant in this zone (Figure 5). There was an absence of maize 
pollen in this zone (Figure 4).  
 Both the charcoal accumulation rate and the charcoal to pollen ratio decrease in 
this zone. Pollen accumulation rates show a declining trend in Zone II, dropping from 
approximately 84,307 to 6,994 grains/cm2/year (Figure 4). The charcoal accumulation 
rate declines in this zone to 22,648 particles/cm2/year. The charcoal to pollen ratio 
declines from 1 to 0.1 towards the end of Zone II (Figure 4).  
Zone I (~430 cal yr BP – present; 1521 CE – present; 302-0 cm) 

This zone represents the period after Spanish conquest, which we refer to as the 
historic or post-Conquest period. ∂18O shows a trend towards more depleted values, 
declining from approximately -6 to -8 ‰ (Figure 4). There is a slight increase in charcoal 
accumulation rates (Figure 4). However, the charcoal to pollen ratio shows an initial 
increase and then remains relatively constant at a value of 1. Pollen that we identify as 
cultivated maize is present in every level in this zone (Figure 4).  

This zone is associated with pronounced changes in pollen percentages. Pinus and 
Quercus decline, Juniperus-type pollen increases from 2.4 % to nearly 5% (Figure 4). We 
also note an increase in ERA group pollen (Figure 4). Poaceae and Amaranthaceae pollen 
remain relatively constant, and there is an increase in Artemisia from 1.2 to 7.2% at the 
end of Zone I (Figure 5). There is a dramatic increase in high-spine Asteraceae, which 
increases from 8% to nearly 30% in Zone I (Figure 5). Unfortunately, we were unable to 
locate any Erodium circutarium pollen grains in this zone.    
 
5. Discussion 
  

We used multiple paleoenvironmental proxies to reconstruct climate, vegetation, 
and fire activity at Lake Aljojuca. The zones identified in our analysis roughly coincide 
with the major cultural phases in highland Mexico, and provide a contrasting picture of 
pre- and post- Conquest changes, as well as insights into the interplay of anthropogenic 
factors and climate on the vegetation and fire history of the site.  
Zones V and VI (4,000 cal yr BP– 1,700 cal yr BP)  

The transition from Zone V to Zone VI, at approximately 2,700 cal yr BP, shows 
some evidence of human activity in the area surrounding Aljojuca. Zone V, from 4,000 
and 2,700 cal yr BP, shows a relatively stable, wet climate characterized by depleted 
oxygen isotope values (Figure 4). Charcoal accumulation rates at this time indicate 
relatively low fire activity, and pollen percentages indicate little vegetation change during 
this interval. 

 In contrast, depleted oxygen isotopes indicate a relatively wet climate in Zone 
IV. Despite this, there are increases in charcoal accumulation rates and a ten-fold increase 
in the charcoal to pollen ratio at approximately 1,800 cal yr BP (Figure 4). The increase 
in the charcoal to pollen ratio suggests that higher charcoal accumulation is due at least in 
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part to increased fire activity instead of depositional effects. In addition, maize pollen is 
present at approximately 2,400 cal yr BP (Figure 4). This pollen type, coupled with 
increased fire, suggests an anthropogenic influence on the landscape at this time. 
However, we do not see a pronounced increase in the pollen of weedy taxa (e.g. Poaceae 
and Asteraceae), often interpreted as indicators of an open, disturbed landscape, which 
could indicate anthropogenic landscape clearance (Piperno, 2006) (Figure 5). Therefore, 
while the presence of maize pollen provides evidence of human activity near Aljojuca, 
overall evidence of anthropogenic activity is equivocal. However, the timing of the 
appearance of maize pollen is consistent with regional chronology of human settlement.  

There is growing evidence of Formative period settlement in eastern central 
Mexico. Ceramics dating from approximately 3,600 cal yr BP have been discovered 
northwest of the Cuenca Oriental, in central Tlaxcala (Lesure et al., 2006). Sites in the 
valley of Puebla and the Tehuacan Valley, to the east and south of the Cuenca Oriental 
respectively, were occupied in the early Formative period (Castanzo and Sheehy, 2004; 
Lesure et al., 2006). In addition, early settlement at Cantona, in the northern Cuenca 
Oriental, occurred approximately 2,400 cal yr BP (Garcia-Cook and Merino Carrion, 
1998).  The end of Zone IV, approximately 1,700 cal yr BP, also coincides with increases 
in the importance of major urban centers like Teotihuacan and Cholula (Plunket and 
Urunuela, 2005; Seibe et al., 1996; Manzanilla, 2006; Beramendi Orosco et al., 2009).. 
The timing of the start of evidence of human activity at Aljojuca is consistent with 
regional population increases inferred from the broader archaeological record, and this 
lake site provides new evidence of Formative-period settlement in eastern Central 
Mexico 
Zones III and II (1,700 -430 cal yr BP) 

Pollen zones III and II, between 1,700 and 430 cal yr BP, contain evidence for 
anthropogenic activity, as well as evidence of regional climatic changes in eastern 
Central Mexico. Maize pollen is present in Zone III at approximately 1,300 cal yr BP, 
and increases in charcoal accumulation rates and the charcoal to pollen ratio indicate 
elevated fire (Figure 4). Despite this evidence of anthropogenic activity, we note that 
pollen indicators of disturbance like high-spine Asteraceae decline, which is inconsistent 
with elevated anthropogenic activity (Figure 5).  

Significant cultural developments occurred during the Classic period in eastern 
central Mexico. Teotihuacan remained an important regional power in the early Classic, 
declining at approximately 1,400 cal yr BP (Beramendi Orosco et al., 2009). Cantona was 
abandoned at approximately 900 cal yr BP (Garcia-Cook and Merino Carrion, 1998). The 
Terminal Classic period coincided with the resurgence of Cholula, and the rise of sites 
like Cacaxtla to the northwest of the Cuenca Oriental (Plunket and Uruñuela, 2005; 
Evans, 2008). Tula, approximately 200 km to the northwest of the Cuenca Oriental, also 
rose in the Terminal Classic and early Post-Classic periods, undergoing a period of 
decline at 750 cal yr BP (Evans, 2008). At Aljojuca, the decline in the charcoal to pollen 
ratio at approximately 800 cal yr BP may indicate decreased anthropogenic use of fire 
coinciding with the decline of these major Classic centers and reductions of regional 
populations.  
 Zone III also coincides with strongly enriched oxygen isotope values that indicate 
an arid climate in the Cuenca Oriental and possibly across eastern Central Meixco 
(Figure 4). Bhattacharya et al. (2015) discussed the implications of this dry interval for 
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cultural developments in the northern Cuenca Oriental, and the history of the city of 
Cantona. They interpret the signal from this lake record as reflecting a regional climate 
signal. Here, we focus on the implications of these climate changes for vegetation change 
in the Aljojuca record.  

One of the most notable changes in Zone III is an increase in Quercus pollen 
(Figure 4). Palynologists working in Central Mexico interpret high Quercus pollen 
percentages in different ways. Correa-Metrio et al. (2012) suggest that high percentages 
of Quercus pollen may be characteristic of pine-oak forest despite the overall dominance 
of Pinus and Quercus pollen of the pollen spectra across all vegetation types. Park et al. 
(2010) interpret a lowered ratio of pine to oak pollen as an indicator of wetter conditions, 
but this is at odds with the drier climate inferred from oxygen isotope data in Zone III 
(Figure 4). In other settings, the increased presence of oak pollen has been interpreted as 
an indicator of temperate, dry conditions associated with an expansion of mid-altitude 
oak woodland (Almeida-Lenero et al., 2005). The evidence from Aljojuca appears to 
support this latter interpretation, with the increase in oak pollen possibly indicating an 
expansion of xeric scrub vegetation, like the desert scrub found at elevations near 
Aljojuca that contains Q. microphylla and yucca (Fernandez, 1985). Low percentages of 
weedy taxa, as indicated by high-spine Asteraceae pollen percentages between 1,700 and 
800 cal yr BP are difficult to explain, because an expansion in disturbance taxa as a result 
of climate drying or increased fire might be expected (Figure 5). Rodríguez-Trejo and 
Myers (2010) note that fire is often key to eliminating understory vegetation and 
maintaining oak-dominated vegetation. This may have been the case in Zone III, as  
Increased fire activity eliminated much of the understory herbaceous vegetation around 
Aljojuca. Or, it is possible that the vegetation in this zone was dominated by xerophytic 
taxa like beargrass and yucca and contained few members of Poaceae and Asteraceae 
(Fernandez, 1985).  

Climatic drying may have contributed to increased fire activity in Zone III.  
Agricultural fires are a dominant ignition source in present-day central Mexico 
(SEMARNAT, 2002). However, climate may play an indirect role in regulating fire 
frequencies by reducing fuel moisture, or by altering fuel availability (Pausas and Paula, 
2012). We suggest that dry conditions in eastern central Mexico resulted in decreased 
fuel moisture, increasing vegetation flammability and the size of the fires that occurred as 
a result of anthropogenic ignitions, leading to the elevated charcoal to pollen ratio 
observed in this zone. Yocom et al. (2010) recorded a similar phenomenon in present-day 
northeastern Mexico, where dry years, often associated with El Niño events, resulted in 
drier vegetation and more fires. The authors speculate that these fires resulted from a 
combination of anthropogenic ignition and springtime lightning strikes. It is important to 
note that our isotope-based record of climate reflects a multidecadally-integrated signal 
of climate, with each sample reflecting the average climate of an approximately 20-year 
period. Dry conditions inferred from our oxygen isotope record could therefore represent 
periods of more frequent drought. We suggest that these more frequent drought years, 
combined with anthropogenic ignition sources, resulted in more fires between 1,700 and 
800 cal yr BP in Zone III. 

Zone II, between 800 and 430 cal yr BP, is characterized by a return to a wetter 
climate and a decrease in fire activity (Figure 4). The latter is indicated by decreases in 
the charcoal accumulation rate, although the ratio of charcoal to pollen stays relatively 
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constant (Figure 4). There is a paucity of evidence for human activity in Zone II and an 
absence of maize pollen (Figure 4). This is surprising, given the fact that historical 
evidence suggests that Chichimec settlement associated with the Tepeac domain began in 
the Cuenca Oriental by 683 cal yr BP (Acuña, 1984). In fact, these archaeological 
reconstructions of late post-Classic settlement in the Tepeac region may underestimate 
the true size of regional populations (Anderson, 2009). However, the Tepeac domain 
featured low population densities with isolated, far-dispersed communities (Anderson 
2009). This pattern of settlement may have reduced landscape disturbance and could 
account for the lack of evidence of human impact near Aljojuca between 800 and 430 cal 
yr BP. This settlement pattern may have resulted from the riskiness of intensively 
cultivating maize in a semi-arid environment with high interannual rainfall fluctuations 
(Anderson, 2009; Lopez Corral, 2011).  
Zone I (430 cal yr BP – present) 

The beginning of Zone I, occurring at approximately 430 cal yr BP, marks the 
transition to the period of Spanish colonization. Depleted oxygen isotope values suggest 
climatic conditions in Zone I were wetter than the climate in Zones III or II. Zone I is 
characterized by increased fire activity, and contains a large peak in charcoal 
accumulation rates. However, once corrected for depositional processes and plotted as the 
charcoal to pollen accumulation rate, the increase in charcoal is much more modest and is 
smaller than the peak in charcoal observed in Zone III (Figure 4). Additional evidence for 
anthropogenic landscape modification comes from the presence of maize pollen in Zone I 
(Figure 4).  

Several vegetation changes are evident in Zone I. One notable change is an 
increase in high-spine Asteraceae pollen (Figure 5). In contrast, Amaranthaceae and 
Poaceae pollen do not show similar increases, although in other studies these taxa have 
been observed to co-vary with Asteraceae and are generally interpreted as indicators of 
natural or anthropogenic landscape disturbance (Piperno, 2006). However, Artemisia, 
which could also indicate landscape disturbance, does increase in Zone I (Figure 5). A 
decline in arboreal taxa like Pinus and Quercus is consistent with the interpretation of 
enhanced landscape clearance associated with historic agriculture, although other tree 
taxa like Juniperus and the ERA group increase in Zone I.  

Observed changes in Zone I may reflect agricultural intensification and invasive 
species on the landscape during the historic period. The increase in high-spine Asteraceae 
pollen is curious because it is not correlated with increases in other weedy taxa (i.e. 
Amaranthaceae and Poaceae). We suggest that this increase might result from the 
introduction of livestock, especially sheep, by the Spanish. The development of sheep 
ranching was undoubtedly also responsible for the spread of non-native plant taxa in 
Mexico. Bernardino de Sahagún, in his Historia General, reports the widespread 
presence of a non-native herb termed ‘quananacaqúilitl’, which may represent an 
invasive Asteraceae sow thistle, possibly a Sonchus sp. from the Asteraceae family 
(Anderson et al., 2012; Villaseñor and Espinosa-Garcia, 2004). However, Sonchus pollen 
typically has a distinct fenestrate morphology (Kapp et al., 2000), and was not 
encountered in the Aljojuca samples. It is possible that the Asteraceae pollen increase is 
the signature of the introduction of a different invasive taxon within this family. Increases 
in arboreal taxa like Juniperus and the ERA group likely also reflect anthropogenic land 
uses during the historic period. Today, Juniperus deppeana occurs in the borders of 
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agricultural fields and at the base of hills, and increases in this pollen type may reflect the 
expansion of agricultural land uses in the Cuenca Oriental (Fernandez, 1985). Increases 
in Juniperus pollen might also reflect changes in grazing or fire frequencies. The 
observed increase in ERA group pollen may also result from introduced species in the 
historic period. Villaseñor and Espinosa-Garcia (2004) note that several species of 
Euphorbiaceae, Rutaceae, and Anacardiaceae are invasive species in Mexico. In 
particular, the invasive Peruvian pepper tree (Schinus molle) was introduced to Mexico in 
the late 16th century and now grows in the area around Aljojuca (personal observation, 
2013).  

Researchers disagree on the relative magnitude of pre- and post-Conquest 
landscape transformation across central Mexico (Butzer and Butzer, 1997; Heine et al., 
2003; Fernandez, 1985; O’Hara et al., 1993). The Aljojuca record suggests that the 
character of landscape transformation differed between pre-Conquest and historic 
periods. Maize pollen provides evidence of human occupation in the area around 
Aljojuca at time intervals from the Formative through the Terminal Classic as well as in 
the historic period. There is a larger peak in the charcoal to pollen ratio between 1700 and 
800 cal yr BP, roughly during the Classic and Terminal Classic periods, than there is in 
the historic period. This seems to suggest a stronger anthropogenic influence on fire in 
the pre-Conquest period, although climate drying between 1,700 and 800 cal yr BP may 
have played a role in increasing fire activity (Figure 4). If anthropogenic uses of fire were 
higher during the pre-Columbian interval, it contradicts the argument that widespread 
burning to maintain pasture was responsible for much soil erosion during the Colonial 
period (Simpson, 1952). However, changes in vegetation associated with the historic 
period, like the decline in arboreal taxa (Pinus and Quercus), were more dramatic than 
changes observed in the pre-Conquest period (Figures 4 and 5). These observations from 
the Aljojuca record suggest that landscape clearance was more extensive following 
colonization rather than prior to colonization, a conclusion supported by Fernandez’ 
(1985) analysis of historical documents (Figure 4). .  
 
6. Conclusions 

 
The Aljojuca core provides important information on anthropogenic landscape 

transformation in the Cuenca Oriental in both the pre-Columbian and the post-Conquest 
periods. Increased fire and the presence of maize pollen at 2,700 cal yr BP represent 
some of the earliest evidence of agriculture settlement in this region of the Cuenca 
Oriental. This evidence for settlement in the southern Cuenca Oriental is broadly 
consistent with regional evidence of early Formative period settlement in eastern Mexico 
(Garcia-Cook, 1976, Spencer, 2000; Castanzo and Sheehy, 2004; Lesure et al., 2006; 
Evans, 2008). Future geoarchaeological research in this area can provide an important 
compliment to this work by clarifying the spatial patterns of settlement and agricultural 
practices used by Formative-era peoples.  

The Aljojuca record reveals evidence of anthropogenic activity during the Classic 
period. Charcoal accumulation rates increased between 1,700 and 800 cal yr BP, possibly 
as a result of continued agricultural activity during the Classic period. We hypothesize 
that a drier climate may have played a role in this latter increase, with more frequent 
drought acting synergistically with anthropogenic ignition sources by increasing 
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vegetation flammability. Additionally, climate drying and increased fire likely resulted in 
an expansion in the regional extent of xeric scrub vegetation.   

Finally, one of the unique features of the Aljojuca record is the dramatic 
vegetation change associated with the historic period, following Spanish conquest. Some 
of these changes, like increases in high-spine Asteraceae and ERA group pollen, may be 
associated with invasive species on the landscape, while declines in Pinus and Quercus 
pollen may reflect landscape clearance. Increases in Juniperus pollen may reflect 
agricultural intensification or changes in fire frequency and grazing.  

Uncertainty about the interpretation of paleolimnological data from Aljojuca as an 
indicator of past anthropogenic activity stems from two main sources. First, uncertainty is 
associated with our identifications of maize pollen because teosinte, the progenitor of 
domesticated maize, is native to this area (Holst et al., 2007).  Second,taphonomic effects 
must be considered when interpreting microscopic charcoal data, including charcoal 
accumulation rates. We correct for this influence by plotting the ratio of charcoal to 
pollen, which indicates increases in fire during the Classic period and the historic period.  

Despite uncertainties, the Aljojuca record is one of the only well-dated late 
Holocene paleolimnological records from the Cuenca Oriental. In addition, the multi-
proxy approach used in this study provided independent evidence on climate, fire, and 
vegetation changes over the past 4,000 years. The Aljojuca record provides new evidence 
of Formative period human settlement at approximately 2,700 cal yr BP in the Cuenca 
Oriental. It also provides a contrasting view of landscape change between the pre- and 
post-Conquest periods, and shows evidence for new invasive species and agricultural 
intensification during the historic period.  
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Figure 1. a) Map of highland Mexico. For reference a blue dot indicates Aljojuca, and 
black dots indicate major cultural centers. Inset map shows the location of the map 
within the broader context of Central America. Regional map modified with permission 
from Bhattacharya et al. (2015). b) Topography dashed box in main panel of a, data 
available from the U.S. Geological Survey.  Contours from 2200-6000 masl are plotted 
at 200 m intervals c) Cartoon schematic of vegetation zonation moving from Aljojuca 
up the slopes of Orizaba, inferred and modified from Klink (1973). Topography is 
exaggerated to illustrate changes. The horizontal length of the profile is approximately 
30 km. 
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Figure 2. Core stratigraphy, showing location of dates, with 2-sigma calibrated age 
ranges. Locations of laminated sections, homogenous sections, and tephra layers are also 
indicated. Modified with permission from Bhattacharya et al. (2015).  
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Figure 3. Sediment core chronology created using Bayesian age modeling package, 
Bacon (Blaauw and Christen, 2011). Dashed lines provide 95% confidence intervals of 
dates for a given depth. Grayscale intensity shows likelihood of an age for a given depth. 
See text for more details. Modified with permission from Bhattacharya et al. (2015).  
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Chapter Four 
 
Mechanisms Underlying pre-Medieval Droughts in Mesoamerica 
 
Abstract 

 
Comparisons of proxy records and climate model output can help us understand 

the mechanisms driving low-frequency climate variability. Proxy records from the last 
millennium in Mesoamerica, however, pose a challenge to our understanding of climate 
dynamics. Hydroclimate proxies from this region have been interpreted as tracking shifts 
in the mean position of the ITCZ. These records appear to show that the time period prior 
to and during the early part of the Medieval Climate Anomaly (MCA; 950-1250 CE) was 
one of the driest intervals in the last 1000 years, with a southward shifted ITCZ. This, 
however, leaves an open question as to the causes of an ITCZ shift. Our dynamical 
understanding of the ITCZ and its role in interhemispheric heat transport suggests that a 
change in the interhemispheric temperature gradient is needed to cause shifts in its mean 
position. Here, I synthesize regional terrestrial proxy evidence to suggest that there is 
robust evidence of drying across Mesoamerica between 800 and 1050 CE, prior to and 
during the earliest part of the MCA. I propose a mechanism to reconcile proxies and 
dynamics by suggesting that, shorter term centennial to multi-decadal scale changes in 
the AMOC can shift the ITCZ and dry Mesoamerica. I use control simulations of 
HadCM3 and CCSM4 to show that low frequency climate variations in Mesoamerica are 
linked to internally driven changes in the AMOC and associated ITCZ shifts. I also 
present regional oceanic and terrestrial evidence of an AMOC slowdown during the time 
period from 800 and 1050 CE, when there is robust evidence for drying across multiple 
Mesoamerican proxy records.  Natural variability, however, may not account for the full 
extent of the drying observed in proxy records, suggesting a role for local processes like 
deforestation, or a forced response of the AMOC.  
 
Introduction 
 

In recent years, effort has been made to clarify the pattern of late Holocene 
drought in Mesoamerica, motivated largely by an interest in the cultural implications of 
drought for pre-Columbian societies (Curtis et al., 1996; Hodell et al., 2005a; Webster et 
al., 2007; Medina-Elizalde et al., 2010; Lachniet et al., 2012; Kennett et al., 2012; 
Bhattacharya et al., 2015). A robust feature of many of these lake and speleothem proxy 
records is a dry interval pre-dating the Medieval Climate Anomaly (MCA; 950 -1250 
CE) (Figure 1) (Mann et al., 2009). In several records, this interval is the driest in the last 
millennium, although several records also indicate drying during the LIA (Figure 1).  

Many authors argue that the proxy records highlight a region-wide interval of 
drought, and invoke large-scale climate dynamics as a cause of the drying. Some have 
argued that these droughts represent a southward migration of the Intertropical 
Convergence Zone (ITCZ), or reductions in the frequency of tropical storms (Medina-
Elizalde and Rohling, 2012; Haug et al., 2003). More recently, anthropogenic 
deforestation has been invoked as a cause of drought during this interval (Oglesby et al., 
2010; Cook et al., 2012). Explanations that invoke local land surface processes are not 
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inconsistent with a large-scale dynamical driver for drought, as these mechanisms could 
have acted in concert. However, uncertainty remains as to whether there is robust 
evidence for a consistent time period of drying, or whether proxy records reflect, 
different, non-overlapping dry intervals. In addition, existing dynamical explanations for 
the drought still do not help identify the factors that may be responsible for the 
hypothesized ITCZ shifts or changes in tropical storms.  

In this paper, I explore the evidence for these droughts, and a potential hypothesis 
to explain their dynamical origin. I first evaluate whether the proxy evidence for a 
regionally coherent interval of drying is robust. Second, I propose a hypothesis invoking 
large-scale climate dynamics that can account for these dry intervals.  
. Such a mechanism is not immediately obvious, given what we know about the climate 
of the late Holocene. Our dynamical understanding of the ITCZ suggests that it is 
sensitive to the interhemispheric temperature gradient, preferentially shifting to the 
warmer hemisphere (Chiang and Friedman, 2012; Schneider et al., 2014). 
Reconstructions of climatic forcing factors during the last millennium suggest that on 
average the time period prior to the MCA and during the early MCA was a time of 
increased solar irradiance and reduced volcanic forcing (Schmidt et al., 2011). 
Temperature reconstructions suggest that the Northern Hemisphere was warmer during 
the MCA than in the subsequent Little Ice Age (LIA; 1400-1700 CE), although changes 
in the interhemispheric temperature contrast are unclear (Mann et al., 2009). 
Furthermore, available reconstructions of ENSO mean state and variability are equivocal 
for the period prior to and during the early MCA, making it difficult to invoke this mode 
of variability to explain Mesoamerican drying ((Cobb et al., 2003; Graham et al., 2007; 
Atwood and Sachs, 2014).  
The Hypothesis 

Here, I propose that there is a robust interval of drying prior to and during the 
early MCA in Mesoamerica. I suggest that this can be tied to Atlantic variability that is 
ultimately related to variations in the strength of the Atlantic Meridional Overturning 
Circulation (AMOC). This would decrease North Atlantic SSTs and shift the Atlantic 
ITCZ southward, indirectly drying Mesoamerica by changing SSTs and boundary layer 
moistur. This mechanism is consistent with what is known about the region’s seasonal 
cycle and interannual variability.  

Mesoamerica, a region on the isthmus joining North and South America, has a 
strongly seasonal climate.  Convective activity peaks from May through October, 
although many regions feature a mid-summer minimum in precipitation known as the 
canícula (Giannini et al., 2001). Dry conditions during boreal winter are associated with 
the expansion of the North Atlantic Subtropical High (Giannini et al., 2001). Warm 
tropical North Atlantic SSTs, southeasterly moisture transport into the Intra-Americas 
Seas, and the propagation of easterly waves across the Atlantic favor summertime 
convective activity (Mestas-Nuñez et al., 2007).  
 Mesoamerica encompasses many diverge climatological regimes, including arid 
highlands in Mexico, and tropical forests on the Yucatan Peninsula. Despite this climatic 
diversity, large-scale climatic modes can produce coherent rainfall anomalies across the 
region. Interannual variability is strongly tied to ENSO: a developing El Niño event 
results in anomalous subsidence and dry conditions in much of Mesoamerica, although 
the Atlantic can alter the strength of this teleconnection (Giannini et al., 2001). In 
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addition, the motivation for this hypothesis comes from model and observational data that 
suggests that small changes in North Atlantic SSTs can result in coherent rainfall changes 
across Mesoamerica. Knight et al. (2006) show that in HadCM3, North Atlantic SST 
changes on the order of 0.4 °C SST result in a southward shift in the ITCZ, and decreases 
in boundary layer moisture over Mesoamerica (see Figure 1, Knight et al. 2006). 
Similarly, small North Atlantic SST changes in the instrumental record are associated 
with widespread regions of drying in Mesoamerica. Figure 2, showing the location of 
major proxy sites discussed in this paper, is plotted on a background correlation of annual 
rainfall with the Atlantic Multidecadal Oscillation, an index of averaged North Atlantic 
SSTs. The positive correlation suggests that on average warmer North Atlantic conditions 
result in increased rainfall over Mesoamerica, with the converse being true for 
anomalously cool conditions. Further analysis of the instrumental record suggests that 
cooling of less than 1°C can result in significant annual rainfall reductions in 
Mesoamerica (Supplemental Figure 1). These plots suggest that large-scale climatic 
drivers can produce coherent rainfall anomalies across a diversity of climatological 
regimes in Mesoamerica. In the case of Atlantic variability, the mechanisms behind these 
changes are well understood, and result from shifts in the ITCZ induced by anomalous 
temperature gradients.   
 Observational data suggests that tropical SSTs and the mean position of the ITCZ 
are tightly coupled. In modern observations, the position of the ITCZ shows a slight 
northward bias, but is sensitive to changes in the interhemispheric gradient of sea surface 
temperatures (Xie and Carton, 2004; Chiang and Friedman, 2012). ITCZ shifts are 
associated with anomalous winds and low cloud cover in the cooler hemisphere, which 
act to further cool SSTs (Xie and Carton, 2004; Chiang and Friedman, 2012). Shifts in 
the ITCZ can be induced by AMOC variations, which alter cross-equatorial energy 
transports as well as Atlantic SSTs (Schneider et al., 2014; Chiang et al., 2008). The 
anomalous easterlies induces by ITCZ shifts cool SSTs in the tropical North Atlantic and 
the Intra-Americas Seas, strengthening the subtropical high, and reducing boundary layer 
moisture over the Intra-Americas Sea and Mesoamerica (Xie and Carton, 2004). The 
decrease in rainfall over Mesoamerica, which is well north of the northernmost seasonal 
position of the marine ITCZ, is therefore an indirectly linked to shifts in the ITCZ as a 
result of its influence on anomalous wind patterns and tropical SST.  
 I propose that a slowdown of the AMOC in the early MCA shifted the ITCZ 
southward, cooling North Atlantic SSTs and reducing boundary layer moisture and 
rainfall over Mesoamerica. This argument does not require that rainfall in Mesoamerica 
is a direct consequence of ITCZ convection, but instead argues that a series of feedbacks 
links North Atlantic SSTs, the ITCZ, and moisture availability in Mesoamerica.  
To support this hypothesis, I review the proxy records from the region to establish the 
precise interval in the last millennium during which they indicate anomalously dry 
conditions. This is important because age uncertainty can introduce large errors into 
estimates of event timings in paleoclimate, and may mean that there is no coherent 
pattern of climate change across sites. I synthesize a suite of proxy data to show robust 
evidence of a dry interval. Second, while observational data suggests relationships 
between Atlantic variability and Mesoamerican rainfall changes, the limited length of the 
observational record and uneven station coverage hinders our ability to quantify the 
magnitude and precise spatial pattern the relationship. I therefore use coupled 
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atmosphere-ocean general circulation models (GCMs) to identify the dominant modes of 
low-frequency climate variability influencing Central America and evaluate our 
hypothesis about AMOC, Atlantic SST, and Mesoamerican paleoclimate. Finally, I 
consider additional proxy data that may be consistent with our hypothesis, and review 
avenues for further research.  
 
Data Sources and Methods 
 
Analysis of Mesoamerican Proxy Records  
 My first goal is to identify periods during the last two millennia when multiple 
Mesoamerican proxy records show evidence for drying. I identified key records via 
literature search, and where possible, we obtained lacustrine and speleothem proxy data 
from the NOAA paleoclimatology database (Figure 2). My analysis had two components: 
first, we compiled records show a significant dry interval between 600 and 1200 CE to 
identify whether there was reasonable evidence that these intervals overlapped. After 
identifying an interval of widespread drought, I mapped whether proxy sites showed dry, 
wet, or neutral conditions during the particular interval.  
 I restricted my analysis to proxy records that cover approximately the last 1500-
2000 years, have multidecadal to at least sub-centennial sampling resolution, and 5 or 
more radiocarbon or other dates in the last 2000-year interval. The sites included also had 
to include an independent climate proxy, which could be disentangled from the impacts 
of anthropogenic activity (i.e. pollen or charcoal, which is often influenced by human 
activities, is excluded). The majority of sites record changes in hydroclimate, with the 
exeption of van Hengstum et al., (2016) and Woodruff et al., (2008), where coastal 
sediment sequences provide evidence of hurricane frequencies. The full suite of sites is 
included in Figure 2. In addition, I included lacustrine sites that show a significant 
interval of drought and had their raw data and radiocarbon dates available on the NOAA 
paleoclimatology website (i.e. the sites included in Figure 1) in a Bayesian analysis. This 
analysis was limited to three sites: Chichancanab, studied by Hodell et al. (1995, 2005a); 
Punta Laguna, studied by Curtis et al., (1996); and Aljojuca, studied by Bhattacharya et 
al. (2015). All three sites show significant drying in the time period prior to the early 
MCA.  
 For the three available lake records, I used the Bayesian age modeling program 
BACON to quantify age uncertainty associated with each proxy record (Blaauw and 
Christen, 2011).  The program uses Markov Chain Monte Carlo simulations to propagate 
the age uncertainty associated with each radiocarbon date through the entire age model. 
We used all available radiocarbon dates for each site, barring significant age reversals 
(Supplemental Figure 2). To identify the timing of dry intervals, I transformed proxy 
values so that lower values indicated dry conditions (i.e. multiplying measurements by -
1) and identified the lowest 17th percentile of the data as indicative of significant aridity.  
This would be equivalent to one standard deviation from the mean if the proxy data were 
normally distributed. I then used the BACON function ‘Events’ to quantify the 
probability of arid conditions at any calendar age covered by the record (Blaauw and 
Christen, 2011). To calculate the composite probability of drought across all proxy sites 
in a given time interval, we took the product of individual sites’ drought probability.  
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 I also qualitatively compare estimates of the timing of aridity in the other lake, 
marine, and speleothem records by plotting the interval when each of these sites shows 
dry conditions. This offers a rough estimate of the timing of dry conditions across the 
region, despite age uncertainty influencing each of these sites. In addition, for many of 
the speleothem sites, the U-Th dating used in speleothems is more precise than 
radiocarbon dating, often resulting in absolutely dated records (Douglas et al., 2015a). In 
addition, the chronology for the Cariaco Basin is anchored by varve counts for the early 
Holocene, which decreases the age uncertainty in this proxy record (Haug et al., 2005).  
Low-Frequency Modes of Climate Variability 

My goal for this analysis was to see whether model simulations support the idea 
that AMOC variability could cause long-term drying in Mesoamerica. We used fields of 
precipitation, evaporation, and sea surface temperatures from a 1200-year control 
simulation of the Hadley Centre’s HadCM3 model (Gordon et al., 2000), and a 1300-year 
control simulation of the Community Climate System Model (CCSM4) (Gent et al., 
2011) in the Coupled Model Intercomparison Project 5 (CMIP5) archive. I also 
calculated the AMOC index, which is defined as the annual-mean maximum volume 
transport streamfunction at 30°N in Sverdrups (Sv) (Cheng et al., 2013) (not shown).  

I used these control simulations to support our hypothesis that long-term 
variations in Mesoamerican hydroclimate are tied to AMOC-induced Atlantic variability.  
Control simulations offer an indirect method for exploring mechanisms underlying 
paleoclimate change: rather than explicitly testing the role of a particular mechanism with 
a model experiment, these simulations can show preferred patterns of climate variability 
associated with regional climate change, as well as the magnitudes of the relationships 
between particular climatic variables. When comparing across a series of model 
simulations, the robust patterns that emerge can be compared against proxy records to 
support or reject particular hypotheses. In this case, I tested our hypothesis about AMOC 
changes and Mesoamerican hydroclimate.  Using a similar approach, Hunt and Elliott 
(2005) used a control GCM simulation to attribute Mesoamerican droughts to variations 
in meridional winds. However, unlike the present study, they did not suggest a role for 
large-scale SST changes in regional droughts.  

I also compared the magnitude long-term droughts in control simulations of 
CCSM4 and HadCM3 with early MCA changes simulated in the CMIP5 Last Millennium 
experiments, where models are forced with transient forcings from 850 to 1850 CE 
(Landrum et al., 2013; Schurer et al., 2013). This comparison provides insights into the 
magnitude of changes resulting from internal variability and those resulting from 
externally forced responses of the climate system.  
Synthesis of Proxy Records 

I synthesized proxy data from the North Atlantic region in order to support our 
hypothesis about AMOC variability and Mesoamerican hydroclimate changes. I included 
terrestrial records of hydroclimate, as well as oceanic records of salinity, sea surface 
temperature, and circulation. As many of these records are dated using radiocarbon, age 
uncertainty can complicate estimates of the timing of changes in these records. For the 
purposes of this analysis, I did not account for this age uncertainty and instead rely on the 
authors’ interpretations and age model as presented in the original paper.  
 
Results and Discussion 
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Timing of Early MCA Drying 

My synthesis of other available proxy records, suggests that there are significant 
time intervals in the past when records do show coherent evidence of drying (Figure 3). 
The analysis suggests that 800-1050 CE is a time period of coherent drying across the 
region, extending across Mesoamerica. The Bayesian analysis performed with red noise 
proxy data suggests that the composite probability of regional never exceeds 0.3 simply 
as a result of chance (Figure 3). The Bayesian analysis with the actual lacustrine proxies 
shows two significant intervals where probability increases beyond 0.3: 400 to 600 CE, 
and 800 to 1200 CE. Including the other sites’ estimates of drought timing narrows the 
latter interval to 800 to 1050 CE (Figure 3).  

To highlight the robustness of this pattern, I plotted whether each proxy site 
shows dry, neutral, or wet conditions between 800 and 1050 CE in Figure 4. The 
background, as in Figure 2, shows the correlation between the AMO index and rainfall 
over Mesoamerica (a cool North Atlantic is associated with a dry Mesoamerica, and a 
warm North Atlantic is associated with a wet conditions). Figure 4 shows that the 
majority of proxy sites suggest dry conditions between 800 and 1050 CE, with a few 
exceptions. Stansell et al. 2013’s record from Laguna El Gancho in Nicaragua does not 
show anomalous wet conditions. The speleothem record from Chilibrillo Cave in 
Panama, and the Juxtlahuaca speleothem, from the Sierra Madre del Sur only shows dry 
conditions for part of the interval from 800-1050 CE (Lachniet et al., 2004, 2012). El 
Gancho and Juxtlahuaca are closer to the west coast of Mexico may reflect different 
climatic processes than the other records included here, which are closer to the Atlantic 
coast. However, on the Yucatan Peninsula, the Yok Balum speleothem suggests a dry 
interval between 1020 and 1100 CE, postdating the peak dry interval identified here 
(Kennett et al., 2012). The site does, however, show a more modest drying at 800 CE. 
Laguna X’Caamal in the Northern Yucatan does not show dry conditions (Hodell et al., 
2005b), and Wahl et al.’s (2013) record from Guatemala’s Péten suggests dry conditions 
earlier, between 680 and 910 CE. The latter record’s estimates of drought timing may be 
uncertain because of the radiocarbon-based chronology. A lagoon sediment record from 
Puerto Rico does not suggest any decrease in tropical storm/hurricane frequencies in this 
interval (Woodruff et al. 2008). In addition, while the 2002 study of Lake Salpéten by 
Rosenmeier et al. does not indicate dry conditions, a more recent leaf wax stable isotope 
study by Douglas et al. (2015) show anomalously dry conditions. Despite these 
exceptions, 10 of 18 sites show robust dry conditions between 800 and 1050 CE, and 13 
of 18 sites at least partially dry conditions in this interval, pointing a robust, widespread 
signal.  

One assumption implicit in this analysis is that lakes and speleothems may reflect 
similar climatic processes. Lake level records are sensitive to the ratio of precipitation 
minus evaporation (P-E). In contrast, speleothem records from Central America are 
generally interpreted in terms of the ‘amount effect,’ with isotope ratios covarying with 
the amount of annual precipitation (Risi et al., 2008). Douglas et al. (2015a) suggest that 
evaporation and rainfall may co-vary, with periods of low rainfall resulting in higher 
insolation, driving higher evaporation rates. If this is the case, evaporation may act to 
amplify the climate signal from precipitation. Reanalysis data that incorporates the 
instrumental record confirms this idea, by showing a strong negative correlation of 
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evaporation with annual precipitation over land areas (Supplemental Figure 3). The 
covariance of precipitation and evaporation over land areas suggests it is reasonable to 
assume that speleothem records, which track total precipitation in this region, and lake 
records, which track P-E, may ultimately record similar climatic signals.  
3.2 Low-Frequency Climate Variability in Model Simulations 
 In control simulations of both models, I calculated a rainfall index to cover the 
region surrounding the Yucatan Peninsula and southern Mexico by averaging rainfall 
between 5-19° N and 100-60° W. To emphasize centennial-scale variability, I applied a 
low-pass filter to our precipitation index, and identified the five longest intervals of 
aridity in each simulation (Supplemental Figure 4).  
 Correlations of this rainfall index with global rainfall show the preferred patterns 
of large-scale hydroclimate change associated with Mesoamerican drying. I checked the 
accuracy of model-simulated teleconnections to Mesoamerican rainfall by checking that 
both models accurately reproduce a negative correlation between Nino 3.4 SSTs and 
rainfall over much of the Caribbean and southern Mexico (not shown).  Indeed, the 
dominant interannual pattern of global rainfall variability associated with Mesoamerican 
rainfall shows a negative correlation between rainfall in our region and rainfall over the 
eastern equatorial Pacific, although the spatial pattern of this correlation differs across 
model simulations (Figure 5). On interannual timescales, there is also a significant 
positive correlation with rainfall over the Atlantic Warm Pool. Positive SST anomalies in 
this region have been shown to increase convective activity over southern Mexico (Wang 
et al., 2008). On multidecadal to centennial timescales, the strength of the correlation 
between Mesoamerican rainfall and the EEP decreases, and in CCSM4 the correlation 
almost disappears entirely. The dominant pattern in both models is associated with shifts 
in the Atlantic ITCZ, with a more southward-shifted ITCZ decreasing rainfall over 
Mesoamerica. This suggests that low-frequency hydroclimate changes, the changes likely 
reflected in proxy records, may be dominated by Atlantic processes.  

Analysis of SST composites associated with the dry intervals identified in 
Supplemental Figure 4 sheds light on the mechanisms of internal climate variability that 
may drive multidecadal changes in ITCZ position (Figure 6). Both CCSM4 and HadCM3 
show a pattern of cooling in the North Atlantic, with the most significant SST anomalies 
occurring at high latitudes, a pattern that is diagnostic of an AMOC slowdown (Figure 6). 
The magnitude of SST anomalies are greater in HadCM3 than in CCSM4, although there 
is also some evidence of positive SST anomalies in the equatorial Pacific associated with 
dry intervals over Mesoamerica in HadCM3. The spatial pattern of SST anomalies in the 
North Atlantic present in both model simulations suggests that internal variability in the 
Atlantic Meridional Overturning Circulation (AMOC) may in part account for shifts in 
the Atlantic ITCZ during these dry intervals. AMOC variations are known to alter north 
Atlantic SSTs and changes in the interhemispheric gradient of SST may drive shifts in the 
mean position of the ITCZ (Chiang et al., 2008).  
  Internal variability of the AMOC on long timescales is well documented in GCM 
simulations. Danabasoglu et al. (2012) showed that AMOC variability in a CCSM4 
control simulation, which is associated with an SST pattern similar to that shown in 
Figure 6, shows lower frequency variability on the order of 50-200 years. They suggested 
a role for a positive phase of the NAO in driving density anomalies prior to an increase in 
AMOC strength. Vellinga and Wu (2004) analyzed variations in the AMOC in a control 
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simulation of HadCM3, and showed that its interannual variability is linked to the NAO 
and ENSO. On multidecadal timescales, however, they suggested that freshwater 
anomalies created by the response of the ITCZ to AMOC-induced meridional SST 
gradients result in salinity anomalies that propagate northward and in turn change AMOC 
strength. A stronger AMOC results in a more northerly ITCZ that creates a negative 
tropical salinity anomaly that propagates northward and ultimately increases deepwater 
formation and slows down the AMOC. Importantly, the magnitude of SST anomalies 
associated with Mesoamerican arid intervals in Figure 6 is similar to the magnitude of 
tropical and extratropical SST anomalies associated with the AMOC in HadCM3 
(Vellinga and Wu, 2004). Analysis of AMOC variability across a suite of historical 
model simulations suggests multidecadal variability in the AMOC is a robust feature of 
the CMIP5 models, and results from changes in downward shortwave flux variations, as 
well as freshwater fluxes (Cheng et al. 2013). The authors invoke a role for the NAO in 
driving the internal variability of the AMOC, although external forcing may also play a 
role. Regardless of the causes associated with AMOC variability in model simulations, 
control simulations demonstrate that changes in the AMOC can drive changes in ITCZ 
position and alter Mesoamerican rainfall.  
3.3 Magnitude of Drying and Regional Climate Processes 

While I identified a role for ITCZ shifts in driving early MCA drying, to a first 
order, we might expect this pattern of drying to be enhanced during the LIA. Temperature 
reconstructions from this interval suggest cooler northern hemisphere temperatures, 
which might imply a southward shifted ITCZ (Mann et al., 2009). However, many proxy 
records from Mesoamerica do not contain a strong signal of LIA drying. Other regional 
climate processes may have played a role in amplifying or damping regional responses to 
climate changes in the LIA and the MCA.  

Regional differences in the magnitude of drying may be related to land surface 
processes. Two modeling studies suggest that anthropogenic deforestation at the hands of 
the Maya and other pre-Columbian peoples may have amplified drought in the Maya 
lowlands. Oglesby et al. (2010) studied a regional model using large-scale forcing from 
CCSM3, and found that complete deforestation resulted in a 15-30% reduction in wet 
season rainfall, although the domain used in their model does not cover the region 
including highland Mexico. In contrast, the use of reconstructed land use scenarios in a 
GCM experiment also resulted in a 5-15% reduction in annual precipitation (Cook et al., 
2012). Elucidating the importance of land surface changes in paleoclimate requires 
detailed, accurate reconstruction of population density and land use. It also requires 
understanding how much of the observed drying in proxy records can be accounted for by 
the large-scale climate signal related to AMOC variability. If this mechanism cannot 
explain the magnitude and length of the observed paleoclimatic signal, it points to the 
importance of other mechanisms, including external forcing or regional land use.  
 I next analyze whether internal variability of the AMOC can account for the 
length and severity of the droughts observed in the paleoclimatic record. This comparison 
is not straightforward for several reasons: first, our best estimate of the magnitude of 
droughts resulting from internal variability comes from GCM control simulations, which 
may be biased in their representation of the mean climate, as well as their representation 
of its internal variability. Danabasoglu et al. (2012) analyzed AMOC variability in 
CCSM4, and noted that the use of different eddy parameterizations can influence the 
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timescales of AMOC variability in GCMs. Our use of multiple control simulations, 
however, provides some evaluation of model spread, and provides at least a rough 
estimate of hydroclimate variability associated with internal AMOC changes. A second 
caveat is that it is often difficult to understand the timescale and magnitude of the 
climatic processes represented in proxy records. Sampling resolution can influence the 
timescale of climate events resolved in a proxy record; more finely sampled records may 
capture higher frequency climate variability than one sampled at a coarse resolution. The 
proxy system may also help to ‘redden’ the climate signal: for lake basins, basin size, 
morphology, and vegetation cover can all influence the time it takes for a lake to respond 
to a given climate forcing, as well as the magnitude of the system’s response (Douglas et 
al., 2015a). Similarly, different cave systems may have different residence times of 
groundwater in the epikarst system, introducing different levels of ‘smoothing’ the 
climate signal recorded by speleothems.  
 Despite these uncertainties, I compared the length of droughts recorded in proxy 
records to the five longest dry intervals in CCSM4 and HadCM3 control runs (see 
Supplemental Figure 4) in Figure 7. We include all speleothem and lake level records 
included in Figure 1, excluding the Macal Chasm record because data from this site is not 
currently publicly available (G. Brook, pers. comm.). We also include the speleothem 
record from Panama published by Lachniet et al., 2004, whose raw data was available on 
the NOAA Paleoclimatology database. Figure 7 compares the average sampling interval 
for each proxy record for the last 2000 years to the length of dry periods recorded by the 
record in the early part of the MCA. For this analysis, I did not account for age 
uncertainty in each record.  These comparisons reveal that the record with the coarsest 
sampling resolution, Aljojuca, infers the longest time continuous dry interval. However, 
there is not a straightforward relationship between sampling interval and drought length: 
the Juxtlahuaca speleothem is annually resolved, but records a 176 year depression in 
rainfall, overlaid with higher frequency drought events (Lachniet et al., 2012). Kennett et 
al (2012) produced a sub-annually resolved speleothem record showing an 80-year period 
of depressed rainfall from 1020-1100 CE. In contrast, the Chaac speleothem from 
Tzabnah Cave in Belize records a series of 8 droughts in the early MCA (Medina-
Elizalde et al., 2010). The Chichancanab and Punta Laguna record multi-decadal to 
centennial scale dry intervals, despite their multi-year sampling interval (Curtis et al., 
1996; Hodell et al., 2005). Both control simulations of HadCM3 and CCSM4 
successfully simulate dry intervals in Mesoamerica persisting for multiple decades, 
although longer arid intervals are simulated in CCSM4 (Figure 11). In addition, several 
modeling studies have documented persistent slowdowns of the AMOC, larger than 
typical internal variations. Pre-industrial control simulations of the EC Earth Model and 
CCSM4 simulate spontaneous AMOC slowdowns, resulting from stochastic atmospheric 
forcing that leads to an expansion of sea ice and a reduction in SST (Drijfhout et al., 
2013; Kleppin et al., 2015). The feedback documented in CCSM4 has been shown to 
cause AMOC slowdowns that persist for multiple centuries, within the timescale of the 
long droughts observed in Mesoamerican proxy records (Kleppin et al., 2015).   

The timescale of drought events recorded in each proxy record may reflect 
different physical processes influencing each lake or speleothem system. Large lakes may 
be slow to respond to a given climate perturbation. Site-specific geological factors like 
groundwater residence time in the epikarst, and kinetic fractionation can also influence 



! 95!

speleothem records, changing the amplitude and timescale of variations recorded at each 
site (Douglas et al., 2015a). Process-based models of individual lake or cave systems can 
help identify the type of climate forcing recorded in paleoclimatic records. This modeling 
work is beyond the scope of the present study.  
 Initial modeling work offers a baseline estimate of the magnitude of Mesomerican 
drying during the early MCA. Lake level modeling work by Medina-Elizalde and 
Rohling (2012) suggests that a 25-40% reduction in annual rainfall is necessary to 
produce the observed proxy excursions observed during the early MCA in the Punta 
Laguna and Chichancanab records. In contrast, the long dry intervals observed in 
HadCM3 and CCSM4 involve much more modest rainfall reductions (Figure 8). In 
HadCM3, these represent 6-10% of annual rainfall reductions, while in CCSM4 they 
represent approximately 2-6% reductions of annual rainfall. Both the models show 
modest rainfall reductions that are much lower than the 25-40% reductions estimated to 
drive lake level changes at Punta Laguna and Lake Chichancanab (Medina Elizalde and 
Rohling, 2012). This underestimation of drying may point to as yet unknown external 
forcing mechanisms, or local processes like anthropogenic deforestation, in amplifying 
the signal of internal climate variability. 
3.4 Regional Evidence of AMOC Changes 
 My argument suggests that at some point in the interval between 800 and 1050 
CE, AMOC slowdowns, possibly related to internal climate variability, resulted in drying 
in Mesoamerica. Model simulations show evidence of low-frequency variability in the 
AMOC linked to drying in Mesoamerica. This argument does not exclude the possibility 
that external forcing could have induced a slowdown. The cause of an AMOC slowdown 
is not essential to the argument presented here, which focuses on the downstream effects 
of the AMOC slowdown. These would have been a southward shift in the ITCZ, and 
drying in Mesoamerica due to reductions in tropical North Atlantic SSTs. This hypothesis 
is not inconsistent with other proposed mechanisms behind early medieval droughts in 
Mesoamerica: reductions in tropical North Atlantic SSTs are associated with decreases in 
tropical storm activity, which have been proposed as an explanation for these droughts 
(Wang et al., 2008; Medina-Elizalde and Rohling, 2012). Eventually, feedbacks 
associated with an ITCZ shift, such as salinity anomalies in the tropical North Atlantic, 
might have propagated northward and sped up the AMOC, inducing a northward shift in 
the ITCZ and ending the arid period.  
 If ITCZ and AMOC variations are responsible for the dry conditions observed in 
the early MCA in Mesoamerica, this generates specific predictions for other regions’ 
proxy records in this time interval. It suggests that we would expect drying in regions 
where rainfall is strongly correlated with the Atlantic ITCZ, as well as strong variability, 
on timescales similar to the hydroclimate changes we see on land, in north Atlantic SSTs 
(see Chiang et al., 2008). We now synthesize available proxy records to see whether 
regional changes in the period from 800-1050 CE are consistent with an AMOC 
slowdown.  

Reconstructions of terrestrial hydroclimate in tropical regions strongly influenced 
by the Atlantic ITCZ also suggest an ITCZ shift between 900 and 1100 CE. An 
interhemispheric gradient of SST, and a southward shifted Atlantic ITCZ, is associated 
with decreased rainfall over the Sahel and a weakened West African Monsoon (Chiang 
and Friedman, 2012).  We would therefore expect to see contemporary evidence for 
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lowered lake levels and dry climate in West Africa if a change in the Atlantic ITCZ was 
responsible for Mesoamerican drying in the early MCA.  A lake level reconstruction from 
annually-laminated sediments at lake Bosumtwi in Ghana does in fact show evidence of 
dry conditions between approximately 900-1000 CE, although individual proxies place 
this low-stand at slightly different time intervals (Shanahan et al., 2009). 

Identifying the signature of AMOC variability or change in SST or salinity 
records is not straightforward for many reasons. First, many paleooceanographic records 
are also dated using radiocarbon, introducing significant uncertainty into estimates of 
event timing. Error in the reservoir effect alone can introduce centennial-scale 
uncertainties into age models. In addition, the precise pattern of SST changes associated 
with AMOC variability varies across model simulations (Zhang and Wang, 2013). Low 
sampling resolution in some records can also hinder researchers’ ability to pinpoint 
intervals of change.  

Several SST records do offer some evidence of changes that could be associated 
with AMOC changes between 800 and 1050 CE. A precisely-dated record from the 
Cariaco Basin uses a decreased difference between subsurface temperatures and surface 
temperature to infer an AMOC slowdown between 650 and 900 CE (Wurtzel et al., 
2013). Alternatively, changes in surface and subsurface temperature divergence may 
indicate a southward shifted ITCZ that induces anomalous easterlies and increased 
upwelling. Proxy records from the northern Gulf of Mexico suggest a period of enhanced 
SST and salinity variability 650 and 1100 CE, with significant periods of decreased SSTs 
that could indicate decreased AMOC strength (Richey et al., 2007). Proxy-based 
reconstructions of AMOC strength show variable patterns: Lund et al’s (2006) 
reconstruction from the Florida Straights shows very little change between 800 and 1050 
CE. Farther north, Spielhagen et al.’s (2011) reconstruction from the Fram Strait near 
Greenland does not suggest any strong depression in northward flowing Atlantic Water 
between 800 and 1100 CE. In contrast, a record just north of Iceland suggests a 
depression in Atlantic Water incursion between 900 and 1100 CE, potentially indicating 
an AMOC change (Wanamaker et al., 2012). A decreasing trend in SST between 800 and 
1000 CE is also evident at a site south of Iceland (Moffa-Sánchez et al., 2014).  

The divergent patterns recorded in various AMOC reconstructions highlights the 
fact that there is no consensus on its patterns of change over the last two millennia. This 
highlights the need to further clarify the spatial pattern of AMOC variability in SST 
records, and to effectively synthesize available SST records to try to pinpoint intervals of 
AMOC changes, or enhanced variability. Some authors have argued that in the case of 
modern anthropogenic warming, a warming ‘hole’ of anomalously cool conditions in the 
North Atlantic may be diagnostic of an AMOC slowdown (Drijfhout et al., 2012; 
Rahmstorf et al., 2015). If this is the case, developing SST records from the region of 
anomalously cool conditions could provide clues about past AMOC slowdowns. For the 
purposes of our argument, we note that several records offer evidence of SST variability 
that could be consistent with AMOC variability or decreases between 800 and 1050 CE, 
but that existing evidence is equivocal.  
Could AMOC Changes in the early MCA be Forced?  
 AMOC changes between 800 and 1050 CE could have resulted from internal 
climate variability, or might have been a forced response. Changes in the AMOC may 
have resulted from internal variability or a forced response, as the precise cause of an 
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AMOC slowdown is not essential to the argument presented here. However, this work 
does show that natural variability associated with the AMOC in control simulations may 
not be of sufficient magnitude to account for Mesoamerican drying, pointing to a role for 
local climatic processes or a forced response in the AMOC. I now explore the possibility 
that the AMOC may have slowed down as a result of a forced response between 800 and 
1050 CE.   
 Current AMOC changes resulting from global warming provides some evidence 
of a forced AMOC change in response to increased northern hemisphere warmth. Cheng 
et al. (2013) document an AMOC slowdown, coupled with a shift in the ITCZ, in 
response to anthropogenic warming in the CMIP5 models, due to higher freshwater 
fluxes as a result of melting in Greenland or increased moisture transport to high 
latitudes. Rahmstorf et al. (2015) also found strong evidence for a late 20th century 
AMOC slowdown. A similar process could have operated during the early part of the 
MCA, resulting in the AMOC slowdown we propose between 800 and 1050 CE.  
 Evidence of a forced AMOC slowdown during the early MCA is limited, as 
centennial scale changes may not be outside the range of natural AMOC variability. 
CCSM4 control simulations do contain centennial-scale variations in the AMOC, 
although changes at this frequency are not statistically significant (Danabasoglu et al., 
2012). Cheng et al. (2013) found that a 60-year cycle was the dominant AMOC 
periodicity in the historic period across CMIP5 models. In contrast, Vellinga and Wu 
(2004) note a dominant centennial-scale mode of variability in control simulations of 
HadCM3, suggesting that centennial-scale changes can occur as a result of internal 
AMOC variability. Long-term, stochastically forced AMOC slowdowns have been 
identified in a number of control GCM simulations (Drijfhout et al., 2012; Kleppin et al., 
2015). Proxy-based reconstructions and transient model simulations do not offer clear 
evidence of a forced AMOC change between 800 and 1050 CE. Analyses of surface 
temperatures across CMIP5 models suggest more cooling at the high northern latitudes 
across models during the LIA as compared to the MCA (Atwood et al., 2015). This may 
in part be due to expanded sea ice, rather than AMOC changes. HadCM3 and CCSM4 
Last Millennium experiments in CMIP5 do not show strong evidence for an AMOC 
change between 900 and 1100 CE (not shown). These model simulations generally begin 
at 850 CE, and do not cover the full dry interval observed in Mesoamerica, which begins 
at 800 CE. Reconstructions of the AMOC over the last millennium suggest a stronger 
depression in AMOC strength during the LIA than at any time prior to or during the 
MCA (Lund et al., 2006; Wanamaker et al., 2012). A recent reconstruction by Rahmstorf 
et al (2015), however, argues for a strengthened AMOC during the LIA, although this 
reconstruction only extends back to 900 CE. Diverging trends across AMOC 
reconstructions from the last millennium demonstrate the significant uncertainties 
associated with existing proxy-based reconstructions of the AMOC.  

An interesting question remains as to whether changes in the mean state of the 
AMOC on centennial or millennial scales can alter the magnitude of higher frequency 
AMOC variations. If this is the case, then we may expect mean climate changes during 
the MCA or the LIA to either enhance or reduce internal AMOC variability. Model 
estimates of AMOC variability and mean state show considerable spread, making this 
question difficult to address (Wei Cheng, pers. comm.). Drijfhout et al. (2012) suggest 
that certain background configurations of the ocean-sea ice system may increase the 



! 98!

likelihood that stochastic atmospheric blocking events will slow down the AMOC. The 
importance of the mean climate state was further emphasized by Kleppin et al. (2015), 
who point out that changes in mean ocean circulation can make the AMOC more or less 
susceptible to stochastically-generated slowdowns. Both these studies point to the 
importance of the background climate state in determining the internal variability of the 
AMOC, although more research is necessary to clarify the precise relationships between 
AMOC mean state and its variability.  
 
Conclusion 

 
A variety of proxy records from Mesoamerica show evidence of severe drying at 

the end of the first millennium CE. These droughts have been implicated in significant 
pre-Columbian social disruptions, and a variety of mechanisms have been proposed to 
explain these droughts, including shifts in the Atlantic ITCZ, changes in tropical storm 
frequencies, and local deforestation.  

I present evidence that there is robust evidence of drying across proxy records 
from 800 and 1050 CE, prior to and during the very early part of the Medieval Climate 
Anomaly (MCA). This corresponds to a time period with very little obvious evidence of 
external climate forcing, and may be a time when we could expect a warmer Northern 
hemisphere. In contrast, we might expect a cooler northern hemisphere during the LIA. 
Despite this lack of external forcing, we argue that AMOC changes can still account for 
Mesoamerican drying. Control simulations of HadCM3 and CCSM4 reveal that internal 
variability of the ITCZ and AMOC is a dominant driver of low frequency fluctuations in 
Mesoamerican hydroclimate, accounting for significant reductions in annual precipitation 
in the region. AMOC slowdowns, resulting from either internal variability or external 
forcing, dry Mesoamerica by cooling the high North Atlantic, shifting the ITCZ south, 
and decreasing boundary layer moisture by reducing tropical North Atlantic SSTs.  
AMOC fluctuations can account for a large portion of the drying that may be required to 
produce observed proxy records in Mesoamerica. . However, internal variability in 
CCSM4 and HadCM3 cannot account for the full extent of drying observed in the proxy 
records. Local processes like anthropogenic deforestation in pre-Columbian Mesoamerica 
may have amplified large-scale droughts. Oceanic proxy records are equivocal about 
long-term changes in the variability or strength of AMOC over the last two millennia, 
although some records suggest evidence for enhanced Atlantic variability or reduced 
AMOC between 800 and 1050 CE. We also cannot exclude the possibility of a forced 
response of the AMOC. Future work should focus on exploring the interplay of local 
climate-land surface feedbacks and large-scale climate forcing. Modeling studies 
exploring the way climate signals are recorded in individual proxy systems will also be 
helpful in better understanding the magnitude and timing of Mesoamerican droughts in 
the last millennium.  
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Figure 1: Proxy records included in Figure 2, excluding the Macal Chasm data, which is 
temporarily unavailable. Site names are on the right side of each plot, see text for 
references. Gray bars identify the MCA and the LIA, as defined by Mann et al., 2009 
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Figure 2: Location of proxy data sites used in age model analysis in this paper, as well as 
other proxy sites discussed in the text. The data was either previously published by the 
authors or was downloaded from the NOAA Paleoclimatology database 
(http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets). See text for 
more details. Each number refers to: 1) Hodell et al., 2005a; 2) Curtis et al., 1996; 3) 
Haug et al., 2003; 4) Lane et al., 2014; 5) Medina-Elizalde et al., 2010; 6) Webster et al., 
2007; 7) Kennett et al. 2012; 8) Bhattacharya et al., 2015; 9) Lachniet et al., 2012; 10) 
Douglas et al., 2015; 11) Wahl et al., 2013; 12) Rosenmeier et al., 2002; 13) Hodell et al., 
2005b; 14) Fensterer et al., 2002; 15) Lachniet et al., 2004 16) Stansell et al., 2013; 17) 
van Hengstum, 2016; 18)Woodruff et al., 2008 . Lake sediments are shown in red 
squares, speleothems are blue circles, marine cores are green squares. Data is overlaid on 
the correlation between rainfall (GPCC) and the AMO index, an index of North Atlantic 
SSTs (see text for more details).   
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Figure 3: Results of age uncertainty analysis for proxy sites: a) displays drought 
probabilities in given time intervals for the actual proxy data, with gray bars indicating 
time periods of peaks in composite probability. Estimates of drought timing for sites that 
do include a drought interval between 600 and 1300 CE are included for key speleothem, 
marine, and lacustrine sites. See Figure 2 for the site numbers.  
 

 
Figure 4: As in Figure 2, but showing which sites show dry, neutral, or mixed conditions 
between 800 and 1050 CE. For Lake Salpéten, Rosenmeier et al., 2002 showed little 
evidence of change, while Douglas et al., 2015 showed evidence of drying using a 
different proxy. Sites indicated as “partially dry” show dry conditions during 
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multidecadal or centennial periods between 800 and 1050 CE, but not for the majority of 
the period. Proxy sites are also overlaid on the AMO/rainfall correlation. See text for 
more details.  
 

 
 
Figure 5: Correlation of precipitation indices in Figure 4 with precipitation, on 
interannual and multidecadal/centennial timescales, showing large-scale patterns 
associated with changes in Mesoamerican rainfall in control simulations of CCSM4 and 
HadCM3 
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Figure 6: SST composite associated with multidecadal dry periods highlighted with gray 
bars in Supplemental Figure 4.  
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Figure 7: Comparison of length of model droughts and droughts recorded in proxy 
records. The latter may be strongly influenced by sampling resolution. a) Average 
sampling interval and length of early MCA dry interval for each record discussed in the 
text. Sites where early MCA drying consists of multiple shorter dry events are indicated 
by solid lines connecting two markers bracketing the shortest and longest dry event.  b) 
shows the length of the five longest drought intervals in each model simulation. Sites are 
designated by the same number as in Figure 2.  
 
 

 
 
Figure 8: Model simulated rainfall reductions, blue dots indicate reductions associated 
with 5 dry intervals identified in Figure 4. For reference, red dots show reductions in 
rainfall associated with the time period from 900-1100 CE in the Last Millennium 
CMIP5 experiments.  
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Supplemental Figures 
 

 
 
Supplemental Figure 1: Composite plots showing rainfall anomalies for 1970-1991 minus 
1940-1960. SST data from the ERSST dataset (Smith et al., 2008). Rainfall composites, 
expressed as % of annual rainfall at each gridpoint, are shown for two sources: the Global 
Precipitation Climatology Centre (GPCC; Schneider et al., 2014), and a dataset produced 
by the Universidad Nacional Autonoma de Mexico (UNAM; Mendez and Magana, 
2010). The UNAM dataset may be less reliable in regions outside of Mexico. Note the 
widespread dry conditions across southern Mexico and northern South America 
associated with modest SST changes in the North Atlantic. Small areas of anomalously 
wet conditions may be artifacts of each rainfall dataset: both the GPCC and the UNAM 
dataset do not show the same areas of wetting, but do show widespread drying.  Despite 
small-scale variability and climatological diversity across this site, the observational 
record suggests that large-scale SST forcing can produce a spatially coherent change in 
rainfall. Similarly, coherent patterns across proxy records can also provide evidence for 
large-scale climatic forcing.   
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Supplemental Figure 2: Age models developed for three proxy sites using BACON, a 
Bayesian age modeling program for radiocarbon dates. Shading indicates age uncertainty 
at each depth. The Aljojuca age model was previously published in Bhattacharya et al., 
2015. See text for details.  
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Supplemental Figure 3: 1957-2002 correlation between annual evaporation and 
precipitation, from the observationally-derived fields in the ERA-40 reanalysis (Uppala et 
al., 2005). Over land, negative correlations between precipitation and evaporation largely 
derive from lowered cloud cover and increased surface radiation during dry periods that 
help increase evaporation (ignoring factors like soil moisture changes). Over ocean areas, 
positive correlations may result from increased evaporation directly resulting in enhanced 
convection, except for regions where circulation increases the importance of non-local 
factors.  
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Supplemental Figure 4: Time series of precipitation averaged between 5-19° N, and 100-
60° W in control simulations of HadCM3 and CCSM4, red line shows time series 
smoothed with a low pass filter to emphasize multidecadal variability. Gray bars show 
five longest periods of multidecadal arid conditions in the control simulations.   
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Conclusions and Future Directions 
 

Summary  
 
This dissertation showed that during the late-Holocene, multi-century dry 

intervals in Mesoamerica altered ecosystems and exerted pressure on human societies. It 
also drew from the modern literature on climate dynamics to develop new hypotheses on 
the causes of these past droughts. As a result, this dissertation is able to provide insights 
not just on the timing of past climate changes, but also on the causes of these changes and 
their broad implications for human societies. Chapter one revealed important ways in 
which the climate of highland Mexico differs from the neighboring Caribbean region. It 
revealed that anomalous wind patterns during the decaying phase of an El Niño event 
reduce moisture transport to the highlands, causing negative rainfall anomalies 
(Bhattacharya and Chiang, 2014). In contrast, the Caribbean generally experiences 
enhanced moisture in the decaying phase of a warm ENSO event because of enhanced 
boundary layer moisture (Giannini et al., 2001).  This chapter helped clarify the basic 
mechanisms governing climate variability in highland Mexico, and the complex 
mechanisms by which changes in the Pacific and Atlantic oceans interact with each other.  

Chapters 2-3 moved beyond the observational record of modern climate, and 
provide evidence of past dry intervals in eastern highland Mexico.  Specifically, Chapter 
Two used paleoclimatic proxy data to provide evidence of a multi-century dry interval 
between 900 and 1050 CE (Bhattacharya et al., 2015). I showed that this dry interval 
coincided with a period of cultural change in highland Mexico, and hypothesized that 
environmental change was a significant social stress. However, I also emphasized that the 
precise social response to environmental change depends strongly on other social and 
political factors. This work highlights the importance of detailed, precisely dated 
reconstructions of past climate and patterns of human settlement. Comparisons of these 
records can help clarify the correlations, or lack thereof, between climate and past 
cultural changes. However, Chapter Three highlights some methodological issues that 
arise in studies of climate-cultural linkages. The paleolimnological record at Aljojuca 
contains little evidence for pre-Columbian settlement in the area around the lake, despite 
the fact that the archaeological record clearly documents settlement in the region 
surrounding the lake (Bhattacharya and Byrne, 2015). This highlights an important caveat 
when interpreting paleoclimatic or paleoenvironmental data from lacustrine sediment 
cores: different lakes may differ in their sensitivity to particular anthropogenic or climatic 
changes, and researchers cannot understand the precise magnitude and duration of past 
climate changes without a deeper understanding of the processes governing the way 
proxies record past environmental change.  

Chapter four highlights the utility of combining paleoclimatic data with the 
knowledge of climate physics gained from analyses of observational data and GCM 
output. I was able to propose a new hypothesis about the causes of extended dry intervals 
during the last two millennia in Mesoamerica. The chapter invokes internal changes in 
the Atlantic Meridional Overturning Circulation, or AMOC, coupled with land surface 
feedbacks caused by anthropogenic deforestation, to explain multi-century dry intervals 
that occurred during the early part of the Medieval Climate Anomaly (MCA).  
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Uncertainties and Future Directions 
 
Chapters 2-4 highlight the importance of understanding the physical processes by 

which a given proxy system records a climatic signal. As highlighted in Chapter four, 
proxy systems can act as a low-frequency filter for a climatic signal: in lakes, phenomena 
like stratification or a low surface area to volume ratio can smooth out higher-frequency 
variations. Even in speleothems, widely thought to provide high-resolution climatic 
records, ‘reddening’ of a climate signal can happen due to processes involving 
groundwater in the epikarst and kinetic fractionation (Douglas et al., 2015). In Chapter 
Three, we noted that paleolimnological records of past human activity could differ from 
the regional archaeological record, possibly as a result of the degree of isolation of the 
lake basin, or the density of human settlement (Bhattacharya and Byrne, 2015). 
Understanding these processes can result in a more nuanced interpretation of proxy 
records, helping us precisely interpret the climatic and anthropogenic signals found in 
these archives. Forward modeling of proxies, which seeks to mechanistically model the 
reponse of a proxy to a given environmental forcing, has much promise in this area 
(Evans et al., 2013). In the case of records of anthropogenic activity, high-resolution 
dating methods like Pb-210, as well as novel proxy methods for detecting domesticated 
animals and crops can improve our ability to detect landscape change (Davis and Schafer, 
2005).  

The hypothesis suggested in Chapter four also suggests several uncertainties that 
should be addressed with future research. The chapter uses two models, CCSM4 and 
HadCM3, to constrain the magnitude of AMOC internal variability. Further research 
across a larger suite of model control simulations may help constrain the magnitude of 
droughts that can be caused by internal AMOC changes. In addition, an important 
suggestion in this chapter was the potential interaction between large-scale AMOC 
changes and local land surface feedbacks associated with deforestation. The chapter 
suggested that Mesoamerican climate was already prone to drought because of significant 
anthropogenic deforestation, and that AMOC internal changes resulted in drought above 
that already dry background climate state. Long model simulations, each with a different 
degree of deforestation over Mesoamerica, can help researchers explicitly evaluate how 
AMOC changes manifest in Mesoamerica under different land use scenarios.  

Finally, this dissertation highlights the importance of developing further high-
resolution paleoclimatic records, especially in northern highland Mexico. The spatial 
pattern associated with paleoclimate changes at a given time period can offer clues about 
the mechanisms underlying past changes. For instance, an anomalous warming of the 
tropical Atlantic results in positive rainfall anomalies in the region surrounding the 
Caribbean and the Yucatan, but decreases rainfall in northern Mexico (Kushnir et al., 
2010; Wang et al., 2006). An improved spatial network of paleoclimate proxy records is 
therefore invaluable as we continue to try to develop an understanding of the mechanisms 
underlying past climate changes.  
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